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“...take the case of Thales, Theodorus. While he was studying the stars and looking
upwards, he fell into a pit, and a neat, witty Thracian servant girl jeered at him,
they say, because he was so eager to know the things in the sky that he could not
see what was there before him at his very feet. [...], is a laughing-stock not only to
Thracian girls but to the multitude in general, for he falls into pits and all sorts
of perplexities through inexperience, and his awkwardness is terrible, making him
seem a fool... ”

Plato, Theaetetus, 174a-174c
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Chapter 1

The need for “space”

1.1 Introduction

This thesis is the outcome of three years work focused on developing so-
lutions and strategies for improved spectrum efficiency of wireless com-
munication systems. With particular attention to Satellite Communications
(SatComs), cognitive-based solutions are investigated. With cognitive-based
solutions we refer to all those techniques that aim at improving spectrum
utilization of the available spectrum and rely on the knowledge of the en-
vironment in which the systems operate. As a matter of fact, an improved
spectrum utilization enables higher throughput capacities that will satisfy
the future markets and demands of an increasingly connected world.

The definition derives from the concept of Cognitive Radio (CR) [1, 2,
3, 4] but it is not strictly related only to it. Allowing a more flexible and
efficient utilization of the spectrum is widely accepted as major solution
to the spectrum scarcity issue, which is becoming a major problem for wire-
less communication systems. This higher efficiency needs to be pursued
both improving the utilization of the already assigned spectrum and allow-
ing systems to operate in wider bandwidths. Spectrum is a scarce resource
and assigning wider bandwidths to different services would not be pos-
sible unless coexistence is allowed on a shared or non exclusive/unlicensed
basis. However, this latter approach would be in contrast with the typical
exclusive assignment of spectrum bands to different services defined by reg-
ulatory bodies. Among the many solutions proposed, Dynamic Spectrum
Access (DSA) and Cognitive Radio (CR) are foreseen as feasible approaches
to cope with a more flexible usage of the radio spectrum. As a matter of fact,
the implementation of CR techniques providing an effective utilization of
the spectrum, is considered as a potential enabler for future communication
systems. In fact, this flexibility can contribute to the fulfilment of the chal-
lenging requirements established by the new and future communication
standards as in case of 4G and 5G networks, which have recently captured
the attention of scientific, standardization, and regulatory communities, [5,
6, 7].

Due to the changing environment in which communication systems
have to satisfy more and more stringent and demanding requirements, cog-
nitive radios as designed by its creator J. Mitola in [1] seem a “wireless com-
munication Chimera”. However, his idea is evolved and, based on the same
concept of sharing the spectrum, similar solutions are still proposed and
under investigation within several contexts. The basic idea proposed by
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Mitola in [1] was to design a radio, later the concept was extended by Aky-
ildiz in [4] to entire networks and systems, with an improved level of cog-
nition. This additional level of cognition, in particular, aims at improving
spectrum utilization enabling systems to operate in the same bands both
exploiting opportunistically chunks of spectrum not used by others and
avoiding inter-systems interference. Thanks to the proposed approach, it
would be possible to supersede the fixed spectrum allocation policy that
limits the efficiency of the spectrum and enabling new spectrum opportu-
nities to meet future requirements. The fixed allocation policy now in use
is regulated and established by regulatory bodies as FCC, CEPT, and ITU,
which, however, are already modifying the actual regulatory to cope with
the increasing demands by means of amendments and proposing in several
standards the use of shared and non exclusive bands. Of course, either an ad-
ditional complexity or adaptations with respect to the typical design of a
communication system are required for achieving the necessary cognition.
In particular, features to cope both with the knowledge of other systems
exploiting the resources in the same environment, and with the common
transmission and receiving operations, are required. In the parlance of CR,
all these features usually refer to the “cognitive cycle” as depicted in Figure
1.1. The “cognitive cycle” is the framework on which the correct functioning
of cognitive radios is based on. It includes different phases that are repeated
depending on the status of the environment in which the system operates.
From a general point of view, the system has to operate alternating two
main phases, namely spectrum awareness and spectrum exploitation, which in-
clude all the tasks to be performed for the correct exploitation of the shared
spectrum. Consequently, dedicated techniques need to be designed with
respect to the different phases. In particular, spectrum awareness refer to all
the operations needed to cope with the knowledge of other systems operat-
ing in the environment. On the other side, spectrum exploitation techniques
aim at establishing the proper communication between cognitive transmit-
ter and cognitive receiver. Of main importance for cognitive systems is the
knowledge of the different systems operating in the same environment. Es-
pecially in case these latter have priority in using the spectrum, namely the
Incumbent or Primary Users. The cognitive radio or system, also known as
Secondary User (SU) must avoid unwanted inter-system interference, which
is one of the main issues in cognitive radios since spectrum will still be
regulated on a priority and hierarchy basis. Thus, the additional cognition
supplied to the system is mainly intended to cope with coexistence of dif-
ferent systems in the same spectrum allocation.

With particular focus on SatCom systems exploiting either on an exclu-
sive or a non exclusive basis the available spectrum portions, techniques aim-
ing at an improved spectrum utilization based on the knowledge of the en-
vironment in which they operate, i.e., cognitive-based solutions, are here in-
vestigated. In particular, the high rate demands of future markets would be
satisfied by improving the utilization of bands already assigned to SatCom
on an exclusive basis, which, however, are becoming limited, and exploiting
wider bandwidths coexisting with other systems. In particular, the latter
solution will be necessary as far as the environment will be populated by
an increased number of services and several different systems. In the con-
text of satellite communications, the application of cognitive radio concepts
is still a rather unexplored area and only in the last years attention is raised
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FIGURE 1.1: The cognitive cycle [2]: basic
operations of a cognitive-based systems.

on the topic. As a matter of fact, a considerable number of areas to be in-
vestigated are still open. Although initially few opportunities have been
conceived on the application of CR in SatCom scenarios, the interest on the
topic is recently increased. In fact, despite the wide literature in the case of
terrestrial systems (see, as an example, [2, 3, 4, 8]), its application in Satel-
lite Communication scenarios has raised attention only in the last years, [9,
10]. Introducing cognitive capabilities in a satellite environment certainly
allows exploitation of new dimensions for the coexistence with other sys-
tems but also provides new challenges to be addressed. On the other side,
an improved spectrum exploitation of the available exclusive bandwidth is
also investigated. With this aim, interference management techniques and
a higher frequency reuse can provide even in spectrum limited scenarios
higher gains rather than the common frequency deployment of SatCom sys-
tems. The considered approach has been recently investigated in [11, 12, 13,
14, 15]. However, the application of the proposed techniques in spectrum
limited scenarios and with respect to system architectures that flexibly can
exploit the available resources, is raising interest only recently. Either in
case of exclusive or non exclusive bands, the foreseen spectrum efficiency is
enabled by knowledge of the environment, which requires knowledge of
Channel State Information (CSI). Thus, following the approach advocated
by CRs, which is based on the cognitive cycle and alternates awareness and
exploitation of the available spectrum, techniques have been designed and
adapted to the considered case of studies.

The thesis is divided in three main chapters. Chapter 2 focuses on the
description of the reference systems and scenarios considered as starting
point of the analysis carried out through the thesis. Two systems, one in
case of Ka-band and the other operating in L-band, are considered. The
reference Ka-band system, for which cognitive features are developed and
built as additional tools to operate in a cognitive environment, is presented
in section 2.1. On the other side, the L-band system architecture, which ex-
ploits its flexibility to improve spectrum efficiency but no modification of
the system architecture is considered, is presented in section 2.3.1. Differ-
ent scenarios are addressed for both. In sections 2.2 and 2.3.2, three different
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scenarios affected by possible spectrum allocation issues (two in case of the
Ka-band and one for the L-band scenario), are described. As demonstrated
through the thesis, the two reference satellite systems can take advantage
of the additional cognitive-based capabilities in the considered scenarios.
The additional cognition is achieved by the implementation of spectrum
awareness and spectrum exploitation techniques as described in Chapter 3 and
Chapter 4, respectively. In Chapter 3, a technique based on the joint estima-
tion and detection of the Signal-to-Noise-plus-Interference Ratio (SINR) for
spectrum awareness is developed. The studies are related to the design of
the proposed techniques for an improved knowledge of the environment
in case of shared bandwidth scenarios (section 2.2). Practical impairments
and uncertainties are taken into account and analysis are carried out. In
Chapter 4, techniques aiming at an improved spectrum exploitation are
investigated. As will be clarified throughout the thesis, Dynamic Carrier
Allocation (DCA) techniques are considered as effective solutions to cope
with the spectrum exploitation in the selected cognitive scenarios in Ka-
band. First, a technique for carrier allocation purposes based on complete
knowledge of the CSI is reviewed. To this aim and avoiding redundancy
on the feed back to the gateway, a technique on genetic algorithms is also
proposed, section 4.3.3. In addition, solutions for spectrum limited scenar-
ios are investigated in case of exclusive bands in the L-band scenario. With
particular interest in hot spot scenarios, flexible configuration exploiting
higher frequency reuse and interference mitigation techniques are studied
in section 4.4. Finally, Appendix A reviews the main findings in literature
concerning the application of cognitive-based techniques in SatComs. The
proposed references have been considered as starting point of the studies
and analysis proposed in the thesis.

1.2 Motivations and Objectives

Satellite Communication systems have always played a major role in ser-
vice delivery either for common or more specific markets. The importance
of SatCom reflects the uniqueness of the system, which would never be
replaced by terrestrial systems and which would still have a main role in
future communications. However, densification of the spectrum and a crit-
ical exploitation of the medium will affect similarly, if not worse in case
of SatComs, both. The new generation of satellite communication systems
need to be designed to deliver higher throughputs to the user terminals. In
particular, satellite systems are nowadays more integrated with other com-
munication systems and play a fundamental role in creating a global digital
society. SatComs fullfil a range of user needs, which go from commercial to
military purposes also supporting diverse user requirements and use cases.
Services as broadcasting or internet access are supported by satellite oper-
ators, which can deliver services to costumers that are at specific deployed
locations, also when not reachable by terrestrial networks or where those
networks experience performance and capacity limitations.

Moved by the fundamental role of SatComs for future wireless commu-
nications, this thesis proposes solutions to the increasing densification of
the radio spectrum, which will be a limiting factor in the deployment of fu-
ture systems. The proposed way forward foresees the necessity by satellite
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systems to acquire, first, cognition of the environment in which they oper-
ate and, secondly, apply techniques for a correct spectrum utilization aim-
ing at higher spectrum efficiencies and coexisting with other systems when
spectrum is shared. SatComs will thus benefit either from an improved use
of the exclusive spectrum and from exploiting additional bands in case new
spectrum opportunities are enabled.

The specific characteristics of satellite systems make them essential in
future wireless communication. Nowadays, according to the service they
provide, different spectrum portions are allocated to satellite services. In
the last years, lot of interest has been put in higher frequencies as Ka-bands.
In these bands a wide spectrum is still available. However, also terrestrial
systems are allocated in Ka-bands and even more will be in the future. Due
to the fast deployment of new communication systems that will saturate
these bands as already happened in case of lower frequencies, a more flex-
ible approach in exploiting the spectrum is necessary. On the contrary, in
lower frequency bands, which are almost saturated due to the higher num-
ber of services deployed, an improved efficiency on a exclusive basis would
be more feasible even in case of limited available spectrum.

Considerable advantages and an improved exploitation of the spectrum
are foreseen by means of the application of cognitive radio techniques in
satellite communications. In particular, it is necessary to investigate how
a more flexible usage of the spectrum for these systems is possible since
different and additional dimensions of the spectrum can be exploited. As
an example, one of the main advantages of satellite systems is linked with
their capability to illuminate also areas in which terrestrial systems can not
be able to transmit. Thus, the space or angular dimensions can provide
additional gain allowing different systems to coexist in the same spectrum
bandwidth but in different areas. Thus, it will be possible, based on the
only additional cognitive capability provided to the system, to enhance the
spectrum usage without incurring to regulatory actions.

This work investigates several approaches aiming at an improved uti-
lization of the assigned bandwidths in SatCom scenarios affected by spec-
trum issues. The main objective of the thesis is to develop feasible solutions
with respect to the scenarios presented in section 2.2 and 2.3.2. These solu-
tions have been conceived aiming both at a short and long term perspective.
Thus, what is proposed in this thesis are, first of all, solutions that take into
account feasible applicability in real scenarios and their practical impair-
ments. With respect to the current SatCom system architecture and pos-
sible future modifications, both the spectrum awareness and exploitation
phases are addressed. The thesis goes through the analysis of the whole
cognitive cycle, i.e., first being aware of the available opportunities and,
then, their exploitation. The effectiveness of the proposed techniques in the
considered scenario has to be addressed by means of appropriate Figures
of Merit (FoM). Thus, specific FoM to evaluate the application of cognitive
techniques in a satellite environment are also proposed in the thesis.

Achieving the objective of defining a real cognitive radio satellite system
need a long process that involves, among others, regulatory and standard-
ization bodies. However, from a technical point of view, proposing feasi-
ble and practical solutions in the short term gives a real motivation both
for further investigations and for developing a truly operational cognitive
satellite system. Thanks to the flexibility that can be provided by satellite
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communications, establishing the possibility of a dynamic spectrum usage
also considering presence of other systems have a dual advantage. First of
all, a wider spectrum can be allocated to SatComs since the application of
cognitive techniques allows not to interfere or be interfered by other sys-
tems. This can provide a wider bandwidth that can be exploited by several
services with a consequent gain in capacity. Secondly, a better exploitation
of the exclusive spectrum that will be scarse in a near future due to the in-
creasing number of different services that are raising, would be possible.

1.3 Personal Contributions

This thesis is the end result of several fruitful collaborations and joint re-
searches performed during my PhD activities. The studies carried out dur-
ing the first and second year have contributed to the positive conclusion
of the project CoRaSat (Cognitive Radio for Satellite Communication) [16].
The project founded by the European Commission (EC) aimed at “investi-
gating, developing, and demonstrating cognitive radio techniques in satel-
lite communication systems for spectrum sharing”. The outcomes of the
study also aimed at “driving the definition of strategic roadmaps to be fol-
lowed towards regulatory and standardization groups in order to ensure
that the necessary actions are undertaken to open new business perspec-
tives for SatCom through cognitive radio communications in support of
the Digital Agenda for Europe”, [17].

During the project, the spectrum awareness technique described in Chap-
ter 3 has been proposed and investigated with respect to the selected sce-
narios. A complete characterization of the proposed technique, namely
SNOIRED, has been carried out. The technique relies on the joint estima-
tion and detection of interfering users. Although the technique has been
developed for the considered scenarios, general applicability would be pos-
sible from a theoretical point of view as well. Thus, the technique has been
modeled firstly ideally for a general application in cognitive radio systems
and, secondly, its assessment in the considered SatComs scenarios has been
provided. With respect to the specific case of SatComs, an analysis under
practical uncertainties has also been performed. The proposed spectrum
awareness is assessed in terms of the typical Figures of Merit of estimation
and detection. Due to the novelty of the application of cognitive radios
in SatComs, an additional analysis is carried out in terms of geographic
performance, which is of main importance in the considered topic. The
geographic assessment quantifies the area that can be exploited by the cog-
nitive satellite to provide services in already used spectrum bandwidths.
With respect to considered cognitive-based SatCom scenarios, the adapta-
tion of other existing techniques as Energy Detection (ED) and Cyclosta-
tionarity Feature Detection (CFD) has been investigated and assessed dur-
ing the project as starting point for the development of the new proposed
technique. Personal contributions regarding the proposed awareness tech-
nique and the assessment of existing techniques in a SatCom environment
are [18, 19, 20], and the project deliverables [21, 22, 23], where additional
information can be found.
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Chapter 4 addresses the development of exploitation techniques for an
efficient use of the available spectrum in cognitive-based SatCom scenar-
ios. The exploitation part is strictly related to the architecture of the system
and the scenarios taken into account. Thus, the exploitation of additional
frequency bands in which the presence of other systems can occur, could
entail the modification of several segments of the satellite system. For the
considered cognitive-based scenarios, we focussed on developing new al-
gorithms for carrier allocation. The proposed algorithm based on Genetic
Algorithms (GAs) and for which additional information can be found in
[24], aims at minimizing the feed back signals due to the redundancy of the
information that the user terminals need to feed back. Analysis with re-
spect to algorithms based on the complete knowledge of the channel state
information are provided as well. In addition, the third year of the PhD
was focussed on the study of a more flexible exploitation of the available
resources of L-band Mobile Satellite Systems (MSS) in case of limited spec-
trum scenarios. The studies, which have been carried out during a stay of
eight months in ESA-ESTEC where I joined the TEC-ETC section as visiting
researcher, aimed at investigating intra-system interference mitigation tech-
niques in hot spots. In particular, the joint application of linear precoding
techniques for MSS systems and the flexible use of the system’s resources
has been investigated. With respect to the application of precoding tech-
niques, several analysis have been carried out also including studies on the
impact of impairments and on comparing the performance of the technique
in different scenarios. Some of the main outcomes of these research activi-
ties has been included in [25].

Further personal contribution with respect to the development of tech-
niques for cognitive-based SatCom system and the related spectrum issues
are [10, 26, 27, 28, 29, 30]. These works provide additional and complemen-
tary results related to the work performed during the PhD activities. The
works [10, 26, 28, 30] are related to the main outcomes obtained as part of
the CoRaSat consortium during the project. On the contrary, [27, 29] include
some additional analysis on parallel aspects of my research.





9

Chapter 2

System and Scenario Definition

In this chapter are introduced both the system and the scenarios that are
taken into account for the development of the proposed cognitive-based so-
lutions for spectrum issues in SatCom environments. The design of tech-
niques in Ka-band SatCom environments is related to Scenario 1 and 2,
whereas the third scenario, Scenario 3, addresses solutions for L-band sys-
tems in case of spectrum limited scenarios. These scenarios are consid-
ered as baseline for the development of cognitive-based techniques to be
included in the system architecture for an improved spectrum efficiency.
With particular focus on the two former scenarios, the reference Ka-band
system architecture for future developments is taken into account as start-
ing point [31, 32]. Each segment is analyzed and the necessary modifica-
tions are described in the chapter. Spectrum policies and regulatory issues
are taken into account in order to highlight which spectrum opportunities
are present and how regulatory bodies cope with the problem of spectrum
scarcity. Following, coexistence of different systems in the selected scenar-
ios is studied and feasible approaches to the problem, which would be an-
alyzed in depth through the thesis, are proposed. With respect to the third
scenario, the analysis does not take into account presence of different sys-
tems in the same spectrum but addresses a limited spectrum availability
for the selected system. The issue, as in the previous scenarios, is related
to the stringent spectrum policies that are limiting the availability of exclu-
sive bands. As a matter of fact, improving the spectral efficiency of satellite
systems in spectrum limited scenarios would also allow SatCom systems
to cope with the higher demands of future markets. In Table 2.1 the main
aspects of each scenario, which will be detailed in the following sections,
are resumed.

2.1 Ka-band System Architecture

The typical architecture of satellite systems operating in Ka-bands is as-
sumed to be the baseline for future developments in which include cogni-
tive features. Due to the growing importance of higher frequencies, which
provide significant spectrum allocations and higher capacities, future satel-
lite systems are foreseen to operate in these bands. As in case of new “High
Throughput Satellite” (HTS) systems, which have been developed thanks to
the significant advances in SatComs in the recent years, the advantages of
SatComs systems let them having a leading role in communication markets.
In particular, satellites have different missions, either civil or military, and
provide globally a wide range of services, from broadcast and broadband
transmissions to navigation services.
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Scenario 1 Scenario 2 Scenario 3

Spectrum Range GHz [17.3-17.7] [17.7-19.7] [1.6]
Primary User BSS FS MSS
Cognitive User FSS FSS none
Spectrum Issue Different System Limited

Coexistence Availability
Interfering links BSS toward FSS FS toward FSS Intra-system

Interference
Awareness applicable Database, Sensing, CSI feedback
techniques other at the GW
Exploitation applicable Carrier Allocation, Higher Frequency
techniques Power Control, other Reuse, Interference

Mitigation
Policies and ECC/DEC/(05)08 ERC/DEC/(00)07 FCC and CEPT
Amendment for ECC/DEC/(13)01 ECC/DEC/(13)01 Spectrum
spectrum coexistence Policies

TABLE 2.1: Main aspects of the selected scenarios.

A typical satellite system foresees three different segments: the ground,
the space, and the user segment. In Figure 2.1 the three segments are illus-
trated. The reference SatCom system architecture foresees a star topology
where gateways (GW) establish a point-to-multipoint connection with the
user terminals (UTs). The elements in charge to manage all the functionali-
ties of the system, to control communications on ground, and to supervise
the correct functioning of the overall system are included in the ground seg-
ment. More in details, one or more high-capacity gateways, which are Earth
Stations (ES) with large-antennas that feed the space segment; the Teleme-
try, Tracking and Control (TTC) station in charge of the management of the
satellite; a Network Control Center (NCC) and a Satellite Control Center
(SCC) aiming at a correct functioning of the system; are taken into account.
These elements are also connected through an interconnection network,
which provides connectivity to other infrastructures as terrestrial telecom-
munication networks. The space segment includes the satellite payload.
Modern Ka-band systems are typically Geostationary Earth Orbit (GEO)
satellites, which are positioned to a specific longitude and at an altitude of
around 36 000 Km. In addition, modern payloads are designed to be multi
feeds and to support multiple beams, which provide continuous coverage
over a specific geographic area. The satellite can generate by tens to hun-
dreds of spot beams. The spot beams are overlapping and frequency reuse
of the available user bandwidth, i.e., the available Space-to-Earth spectrum
toward the user terminals, is exploited to reduce co-channel interference
among adjacent beams avoiding to allocate the same bandwidth to them.
Portions of the user bandwidth repeat according to a specific pattern over
the beams as shown in Figure 2.2 in case of a 4 and 3 color reuse. The user
segment includes all the end User Terminals (UTs) that are spread along the
beam coverage of the satellite and to which communication is provided.
The satellite can provide different services to the UTs, which can be either
fixed or mobile, regardless their location. When a two-way communication
with the ground segment is established, the traffic from the ground segment
to the UTs, namely the forward link, passes through the satellite, while re-
turn links from the UTs to the GW, which are in general asymmetric, can be
provided either by the satellite or terrestrial networks. The forward and the
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return links are organized and subdivided in carriers and in carrier groups
in the forward and return link, respectively. The reference air interface in
case of forward links is the DVB-S2 standard and its extension DVB-S2X
[33, 34], whereas the DVB-RCS(2) [35] is used on the return link.

FIGURE 2.1: Ka-band Reference System Architecture.

The deployment of satellite systems in Ka-band allows wider band-
widths to be exploited. From a regulatory point of view, the spectrum in
which priority is given to satellite systems goes from 27.5 to 30 GHz in case
of Earth-to-Space Fixed Satellite Services (FSS) transmission links and from
17.7 to 20.3 GHz for Space-to-Earth downlinks [36, 37]. In particular, user
links, i.e., from the satellite to the UTs and vice-versa, exploit on a exclusive
basis the bands from 19.7 to 20.2 GHz on the downlink and from 29.5 to 30
GHz on the uplink. The feeder links from the gateways to the satellite use
the other portions of the assigned Ka-band spectrum but higher bands as
Q/W bands are meant to be exploited in future. Figures 2.3 and 2.4 present
a typical frequency plan for uplink and downlink in Ka-band, respectively.
With focus on the user link, the downlink toward the UTs supports 250
MHz per beam and a four color reuse frequency is usually taken into ac-
count allowing frequency reuse with reduced co-channel interference be-
tween adjacent spot beams. Half of the available user bandwidth, and one
of the two available circular polarizations (RHCP and LHCP), is assigned
to each beam. The number of colors and the related frequency reuse is a
trade-off between system capacity and acceptable amount of interference.
As described in [29] other colors can be exploited as well.

Spectrum congestion will also affect future Ka-band deployments. In
fact, HTS are already starting to suffer from spectrum scarcity in Ka-band
and downlink spectrum availability is a major issue. The 500 MHz of ex-
clusive spectrum for the deployment of FSS systems are the only available
in all ITU Regions and might not be able to cope with the high demands
of future markets. Thus, access to further spectrum could potentially allow
more efficient utilization. As will be clarified in the next paragraph 2.2, reg-
ulatory bodies are currently modifying in some countries the spectrum al-
location policy allowing FSS satellite systems to use terrestrial spectrum on
a non-protected, non-interference basis both in case of satellite feeder and user
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links. These decisions are based on national agreements and granted land-
ing rights, but no general standardized solutions exists. The exploitation
of these additional bandwidths, namely non exclusive, would be possible
thanks to additional features to be included at system level [38]. Satellites
have evolved thanks to numerous technological innovations that have led
SatComs-based systems to be one of the most important service provider
in the communication market. However, several modification would be
necessary to cope with the problem of spectrum scarcity and system densi-
fication. Assuming satellite systems with additional cognitive capabilities
in order to exploit wider bandwidths, implies modification to the present
architecture. These modifications allow coexistence of non-coordinated but
prioritized systems in the same spectrum portion. In particular, this coexis-
tence would be mainly based on the necessary knowledge of the activities
from other systems and on the flexible capability of the system to modify
its transmission parameters. Some major modification to the system are
foreseen for all the segment of the system. With respect to the ground seg-
ment, in order to provide this additional knowledge, an external cognitive
radio database as additional network element or an interference access (IA)
database can be included. Thanks to a database, a priori information on
other systems can be exploited even thought additional processing capabil-
ities would be necessary [39, 40, 41, 42, 43]. Concerning the space segment,
the payload needs to be capable to process wider bands or handle more
spectrum portions. Exclusive and non exclusive bandwidths can be inde-
pendently exploited as different Satellite Networks (SatNets) over the same
payload. Thus, it would be possible to associate different transmissions ac-
cording to the availability of each SatNet. The usage of both exclusive and
non-exclusive frequency bands, however, provides additional cost and com-
plexity of the space segment due to the introduction of further frequency
bands. The user segment would be also affected by the exploitation of ad-
ditional bands. Bandwidth limitations of the forward link carriers for the
UTs will occur due to receiving and processing capabilities of the terminals.
For the receiver front-end, in fact, the antenna system has to take into ac-
count the wide frequency band over which the terminal has to receive and
transmit. Terminals need to be capable of tuning into either the exclusive or
the non-exclusive bands. In addition, new processing capabilities providing
improved spectrum awareness and exploitation need to be developed both
in the ground and the user segments.

FIGURE 2.2: Examples of frequency reuse patterns.
4 Color (left) and 3 Color (right) frequency reuse.
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FIGURE 2.3: Reference Uplink Spectrum Allocation

FIGURE 2.4: Reference Downlink Spectrum Allocation

2.2 Ka-band Scenarios

In the context of cognitive radios, the consolidation of feasible scenarios in
which a cognitive system or network can operate is fundamental. Regula-
tory bodies as ITU, CEPT and FCC establish by spectrum allocation policies
[36, 37] the coordination of the different services among the radio spec-
trum. However, they are currently modifying the present spectrum allo-
cation by means of amendments. The allocation policies are constantly
evolving defining portion of spectrum in which different systems can co-
exist because allowing system to operate in wider bandwidth would cope
with the higher spectrum demands. Thanks to the application of cognitive
techniques coexistence would be enabled. In the following, the two ref-
erence scenarios taken into account for the development of the proposed
techniques for cognitive-based satellite systems, are detailed.

2.2.1 Scenario 1: CR Satellite user downlink
Ka-band [17.3 – 17.7 GHz]

Scenario 1 foresees the deployment of cognitive satellite user downlink in
the range of spectrum between 17.3 and 17.7 GHz. The considered spec-
trum is assigned to uplink feeder links (Earth-to-Space) of Broadcasting
Satellite Services (BSS). However, cognitive satellite systems can exploit the
same bands for downlink purposes providing services to mobile or fixed
satellite terminals. The scenario allows a possible implementation of cogni-
tive systems due to recent decisions at regulatory level. In particular, CEPT
has adopted the Decision ECC/DEC/(05)08 [44], which gives guidance on
the use of this band by ‘‘high density applications in the Fixed-Satellite
Service” (HDFSS). The Decision stipulates that the designation of the band
17.3 – 17.7 GHz is without prejudice to the use of this band by Broadcast-
ing Satellite Service (BSS) feeder uplinks and that it is not allocated to any
terrestrial service on an incumbent basis (except in some countries). The
deployment of uncoordinated Fixed-Satellite Service (FSS) Earth stations
is also authorized in these bands. Thus, the presented scenario, foresees
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the possibility of deploy uncoordinated FSS stations that could increase fre-
quency exploitation by flexible usage of the spectrum portion through the
adoption of cognitive radio techniques. Moreover, with regard to satellite
terminals on mobile platforms, the ECC Decision ECC/DEC/(13)01 [45]
addresses the harmonized use of Earth Stations On Mobile Platforms (ES-
OMPs) operating within the given frequency band.

The interfering links that can occur in the deployment of different sys-
tems in the same spectrum bandwidths need to be evaluated. The assess-
ment allows the adaptation of the desired cognitive radio techniques to the
selected scenario. In case of Scenario 1, Figure 2.5 represents the useful and
interfering links that can occur. In particular, no interference from space to
ground FSS links to the BSS system occurs since the BSS satellite is GEO
and is not interfered by the downlink of other GEO or NGEO FSS satellites.
Hence, the issue of incumbent protection can be sufficiently guaranteed un-
der this scenario. On the contrary, the cognitive system needs to employ ap-
propriate techniques to avoid interference from the BSS feeder station since
in the vicinity of BSS feeder stations, the FSS terminals can receive harmful
interference.

FIGURE 2.5: Scenario 1 interference link representation

As depicted in Figure 2.6, it can be assumed that only few cognitive
terminals will be interfered since a limited number of BSS feeder GWs are
deployed. In this context, Exclusion Zones (EZ) can be defined [46]. An
Exclusion Zone is defined as the area around a BSS feeder or a general in-
cumbent user where the SINR margin of the cognitive FSS terminals is not
satisfied. The geographical density of the BSS feeders is low and a vast
geographical area outside the EZ becomes available for cognitive down-
link communications in the band from 17.3 to 17.7 GHz. The exclusion
zones can be defined by a contour around the feeders. These contours can
be assumed limited since BSS feeders antennas are highly directional. A
more accurate definition of them would, therefore, allow the deployment
of cognitive UTs. By acquiring information about existing BSS gateway sta-
tions, RF maps can be created in order to find out the spectral holes in the
geographical space domain. Thus, an Interference Cartography (IC) map,
which can be subsequently used to find out the regions where the cognitive
satellite system can operate by satisfying the QoS requirement of the users,
can be created. Subsequently, the cognitive FSS terminals can be deployed
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outside this zone. The combination of a database and a coordination ap-
proach can be applied for this scenario in which the jointly exploitation of
a priori and dynamic information gathered by the UTs on the BSS gateway
activities, can achieve an overall improved exploitation of the spectrum.
With this aim, since the cognitive radio is active in downlink while the in-
cumbent user is the uplink BSS feeder and the chance of interference from
the cognitive GEO satellite to the incumbent GEO satellite is almost zero,
the awareness phase acquires a fundamental importance for the cognitive
transmission. In fact, in this scenario, no spectrum awareness is required to
protect the incumbent user. However, the FSS terminal can receive interfer-
ence from the BSS feeders. Therefore, spectrum awareness can be employed
by the FSS in order to avoid the interference coming from the BSS feeders.
Contrary to the exploitation of a priori information from databases, we re-
fer to sensing techniques as those awareness techniques performed by the
cognitive users that can generate or suffer harmful interference in order to
directly have knowledge of other systems’ spectrum activities. Following,
the correct exploitation of the detected spectrum opportunities would be
enabled by techniques that allow transmissions in case of no or acceptable
interference, i.e., outside the exclusion zones.

FIGURE 2.6: Detailed Scenario 1 and interference links

2.2.2 Scenario 2: CR Satellite user downlink.
Ka-band [17.7 – 19.7 GHz]

Scenario 2 addresses the deployment of cognitive radio satellite downlinks
in the spectrum portion between 17.7 and 19.7 GHz. Contrary to the pre-
vious scenario, scenario 2 can be considered as an extension of the FSS ex-
clusive frequency band 19.7 – 20.2 GHz by adding significant spectrum in
the 17.7 – 19.7 GHz bandwidth. The cognitive-based satellite systems has
to cope with terrestrial Fixed Services (FS), which have priority in the con-
sidered band. However, CEPT has adopted a Decision, ERC/DEC/(00)07
[47], which gives guidance on the use of this band by both Fixed Satellite
Services (FSS) and Fixed Services (FS). The Decision stipulates that stations
of the FSS can be deployed anywhere, but without right of protection from
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interference generated by FS radio stations. This Decision sets the condi-
tions under which the 17.7 – 19.7 GHz spectrum is used by: coordinated
and protected Earth stations (Earth-to-Space, forward link), terrestrial FS
links, and uncoordinated and unprotected end-user Earth stations (Space-
to-Earth links, forward link). The latter links, which are not coordinated
through a national frequency assignment process, shall not claim protec-
tion from FS stations. In order to decrease the probability of interference to
uncoordinated FSS Earth stations, the FS, when practical, shall implement
mitigation techniques such as automatic transmitter power control, high
performance (low side lobe) antennas and EIRP limited to the minimum
necessary to fullfil performances of FS link. On the contrary, uncoordinated
Earth stations, when practical, shall implement mitigation techniques such
as dynamic channel assignment (to select a non-interfered channel when
available), site shielding or high performance (low side lobe) antennas in or-
der to limit the interference from FS stations. With this aim, cognitive radio
techniques could significantly increase the spectrum usage by enabling FSS
to access into the same frequency spectrum of terrestrial transmitters. Thus,
cognitive radio techniques could act as a dynamic and flexible protection of
FSS downlink from FS interference. With regard to satellite terminals on
mobile platforms, also in this scenario the ECC Decision ECC/DEC/(13)01
[45] addresses the harmonized use of ESOMPs operating within the given
frequency band.

FIGURE 2.7: Scenario 2 interference link representation

In Figure 2.7, the interfering links between the two deployed systems
are shown. In this scenario, either the satellite or the FS transmission links
can interfere each other. Article S21 of the ITU Radio Regulations [48] de-
fines Power Flux Density (PFD) limits for emissions in various frequency
bands up to 40 GHz in order to limit interfering emissions from transmit-
ting FSS Space-to-Earth links to FS terrestrial receivers. The limitation are
posed in terms of ground PFD for the given frequency band from 17.7 to
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19.7 GHz. Considering the worst case scenario, the EIRP density that corre-
sponds to a limit of ground power flux density amounting to −115 [ dBW/m2

MHz ]

for an elevation of 5 deg is greater than 47 [ dBWMHz ], while the maximum EIRP
density of Ka-band satellite systems typically never exceeds 40 [ dBWMHz ] [21].
As a results, typically, the FSS downlink would not interfere with the FS
link. In this scenario, the downlink interference from the cognitive satel-
lite to terrestrial FS receivers is assumed negligible due to limitation in the
maximum EIRP density of the current Ka band satellite system. The only
harmful interference to handle in this scenario is, therefore, the interference
received by the satellite user terminals from the FS transmitters.

The approach followed for Scenario 1 would be similar for Scenario 2.
The application of cognitive techniques aims at avoiding interference from
incumbent users, which in the selected scenario are FS transmitters. The EZ
is, thus, defined as the area around an FS link where the SINR margin of the
cognitive FSS terminal is not satisfied. As in Scenario 1, depending on the
knowledge on the FS links, a more effective approach to coexistence is pos-
sible. However, different link budget properties apply. as an example, it has
to be taken into account a different directivity of the FS interfering link. The
interference from FS transmitters to the cognitive satellite terminal needs to
be taken into account in order to guarantee the QoS of the cognitive users.
Thus, the combination of database and sensing seems to be promising also
in this scenario. Based on the available information on FSs, which how-
ever would be wide-ranging due to the multiple application of microwave
links, from the regulators and operators, an initial database can be created
and sensing can be employed in the regions where clear geographical spec-
trum holes are not present and periodically to provide updated information
if needed. As in Scenario 1, spectrum sensing is necessary in order to avoid
activities in those bands where the receiving interference from the FS mi-
crowave links are higher than a specific threshold rather than protect the
incumbent user. Also exploitation would be performed similarly to Sce-
nario 1.

FIGURE 2.8: Detailed Scenario 2 and interference links
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Fixed Service (FS) system review

Microwave point-to-point radio are line of sight radio terrestrial commu-
nication links. Due to their deployment since the beginning of wireless
communications history, Fixed Services (FS) can be either analog or digital
transmissions, while broadcasting, telephone service, and backhauling are
the most common services provided by these systems. Moreover, due to
the great number of different services, transmission parameters as band-
widths, modulations, transmission power, or transmission ranges vary as
well. From a general point of view, microwave point-to-point radio links
are directive links, which would highly interfere FSS terminals only if FSS
are deployed along the link direction. Some guidance on the deployment
of FS links, which can be used as useful reference to derive models, are
provided. As a matter of fact, knowledge of transmission parameters and
antenna radiation patterns is essential to perform detailed interference anal-
ysis from which derive and design cognitive techniques aiming at system
coexistence. Some of the recommendation are:

• Recommendation ITU-R F.758-5 [49], “System parameters and considera-
tions in the development of criteria for sharing or compatibility between dig-
ital fixed wireless systems in the fixed service and systems in other services
and other sources of interference” presents parameters for Point-to-Point
FS systems in the band 17.7-19.7 GHz;

• Recommendation ITU-R F.699 [50], “Reference radiation patterns for fixed
wireless system antennas for use in coordination studies and interference as-
sessment in the frequency range from 100 MHz to about 70 GHz”;

• Recommendation ITU-R F.1245 [51], “Mathematical model of average ra-
diation patterns for line-of-sight point-to-point radio-relay system antennas
for use in certain coordination studies and interference assessment in the
frequency range from 1 GHz to about 70 GHz”;

• Recommendation ITU-R F.1336 [52], “Reference radiation patterns of om-
nidirectional, sectoral and other antennas in point-to-multipoint systems for
use in sharing studies in the frequency range from 1 GHz to about 70 GHz”.

2.3 L-band System Architecture and Scenario

2.3.1 L-band system architecture

We consider a typical Mobile Satellite System (MSS) operating in L-band
where a GEO multibeam and multifeed satellite covers with hundreds of
beams a wide geographical area. In particular, we refer to an INMARSAT-
like payload as described in [53, 54, 55] and depicted in Figure 2.9. Of inter-
est is the flexibility that the system can achieve at the payload level, while
all the other segments are similar as in case of the reference Ka-band ar-
chitecture. This flexibility is achieved thanks to the capability of assigning
dynamically channels within the spot beams. In detail, the assignment is
according to the traffic demand and a granularity of 200 KHz is considered
for the channels. In terms of power, we assume the system can assign to
each channel a reference EIRP (Equivalent Isotropic Radiated Power) pro-
portional to the maximum attainable EIRP per spot beam, which is 67 dBW.
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FIGURE 2.9: L-band satellite payload architecture [53]

The channel reference EIRP is not fixed and the payload can flexibly adjust
the power within a wider dynamic range of values depending on the num-
ber of active channels. In particular, the number of 200 KHz channels that
can be processed in parallel by the payload, is assumed to be limited to 630.
This constraint apart from the on board processing capability, may be also
driven by the fact that the feeder bandwidth is limited.

2.3.2 Scenario 3: Limited downlink user bandwidth

An unbalanced rate demand is present within the coverage, even more no-
ticeable due to the increasing and changing requests of the market. In this
scenario, the system has to cope both with low and very high rate demands
areas along the coverage. In particular, the focus is on these latter, which
can be the bottleneck of the system and are called hot spots. The hot spot is,
in general, a limited geographical area, for which the system does not have
sufficient resources in terms of spectrum and power to satisfy the users’
high demands. Since the hot spots are few with respect to the whole cov-
erage and they are usually surrounded by areas with lower demands, this
causes an ineffective functioning of the system with respect its overall ca-
pabilities. Assuming all the active users of the hot spot limited within the
same spot beam, we consider as reference scenario the beam that covers the
hot spot plus the six adjacent beams as shown in Figure 2.10a, where differ-
ent colors represent their standard coverage. For the considered scenario,
the system is limited by a frequency reuse factor of 7. This implies that the
available bandwidth can not be reused in different beams within the same
cluster. We refer to this frequency allocation plan as reference configuration.

With respect to the spectrum allocation plan in the forward link of L-
band mobile systems, the total bandwidth is divided in orthogonal chan-
nels of 200 KHz, which can be flexibly allocated among the beams accord-
ing to the frequency reuse of the reference configuration. Thus, a different
number of channels according to the required bandwidth can be allocated
in each beam but obeying the reuse constraint. From the regulatory point
of view, the spectrum allocated to L-Band MSS is between 1525 MHz and
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(A) Cluster of 7 Beams (B) Zone selection within the
central beam coverage.

FIGURE 2.10: Representation of the 7 beams
cluster and of the 7 zones of the central beam

1559 MHz, i.e., an available bandwidth of 34 MHz, plus an additional band-
width of 7 MHz from 1581 MHz to 1525 MHz [37]. Thus, the total available
spectrum for the forward downlink in L-Band is equal to 41 MHz, which
translates into 205 orthogonal channels of 200 KHz each. This frequency
plan, however, faces with some limitation according with the different re-
gions. Regulatory bodies give priority to different services within the same
bandwidth and, thus, we assume as worst case a limited spectrum avail-
ability of only 7 MHz, i.e., 35 orthogonal channels, in some areas [37].

As described in section 4.4.1, the system can achieve high level of flex-
ibility even in the reference configuration. However, depending on the de-
mands and with particular focus on hot spots, limitations occur. Either
spectrum or power availability can affect the performance of the system.
The following scenarios, which take into account the main constraints posed
by the system, have been identified and addressed.
Spectrum limited scenarios:

- scenarios limited due to regulatory issues. In some regions only part
of the total available spectrum, which is 41 MHz, is allocated to L-
band satellite systems. The minimum allocated bandwidth in these
regions is assumed to be equal to 7 MHz.

Power limited scenarios:

- scenarios limited by the capability of the system. The total EIRP,
which is 67 dBW, has to be shared among each channel and the beams.

These limitations penalize the reference configuration in the hot spot sce-
nario. However, the flexibility of the considered system can be exploited
according to a new framework aiming at improving spectrum efficiency
and system performance. This new framework, as will be explained in
4.4.1 and assessed in 4.4.3, identifies new configurations, namely flexible
configurations, able to better exploit the flexibility of the system based on
a higher frequency reuse and the application of interference management
techniques.
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Chapter 3

Spectrum Awareness

3.1 Introduction

Spectrum awareness techniques provide improved knowledge of other sys-
tems’ spectrum activities. This knowledge enables the following phases of
the cognitive cycle exploiting those available spectrum opportunities. With
respect to the scenario in which the cognitive user operates, different tech-
niques can be designed according to the constraints, the requirements, and
the performance to be achieved. Thus, targeting specific Figure of Merits
(FoM), spectrum awareness techniques must be designed to satisfy them.

In this chapter, a novel approach for spectrum awareness in cognitive-
based scenarios is developed. A complete characterization of the technique,
namely SNOIRED, in terms of the common indicators that are used to asses
awareness techniques performance, is provided. The proposed technique
is based on the joint Signal to Interference plus Noise Ratio (SINR) estima-
tion and detection of primary users at the cognitive receiver side and it is
particularly effective for underlay scenarios, in which cognitive users are
allowed to operate in already deployed frequencies if the interference gen-
erated against licensed users does not exceed a predefined threshold [3].
The definition of underlay scenario fits the two scenarios described in 2.2.
Thus, in these scenarios, an additional awareness capability is provided to
the end-user terminals, which would be able to be autonomously aware
of the spectrum activities within the bands of interest. The proposed tech-
nique, even if designed focusing on satellite cognitive-based scenarios, has
a general applicability. Thus, in the following paragraphs, the technique is
first designed from a general point of view and, secondly, specific analysis
are carried out for the selected satellite cognitive-based scenarios.

The remainder of the chapter is the following. Paragraphs 3.2 and 3.3
present the motivations that have pushed towards the proposed novel ap-
proach and the State of the Art of spectrum sensing techniques, respectively.
From a general point of view and applicability, in paragraphs 3.4.1, 3.4.2,
and 3.4.3 are presented the system model, the design of the estimation, and
the design of the detection stages of the proposed technique. Analysis on
its performance are carried out in section 3.5. In the subsequent sections 3.6
and 3.7 the technique is assessed on specific SatCom scenarios under ideal
and in presence of impairments conditions, respectively. The results ob-
tained are then resumed in 3.8. In the appendix 3.9.1 and 3.9.2 are provided
additional and complementary details on the technique design. Finally, a
review of the typical spectrum awareness techniques in literature, focussing
on their applicability in satellite cognitive-based scenarios, is included in
section 3.9.3.
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3.2 Motivations

In the last years, CRs and spectrum sensing have received significant at-
tention within the scientific and industrial communities, resulting in the
production of a wide literature and a plethora of ad-hoc techniques, [56,
57, 58, 59, 60, 61]. The capability of a communication system to improve
its performance by means of a cognitive approach is based on an intelligent
exploitation of the available resources according to what the system senses
and is aware of. In particular, the latter feature is the capability to acquire
awareness of other users’ spectrum usage and occupancy. As a matter of
fact, knowledge on the activity of licensed and unlicensed users is critical
for spectrum sharing, as it shall:

• i) avoid harmful interference towards incumbent users;

• ii) respect national and international regulatory policies;

• iii) enhance the efficiency in spectrum utilization.

In this context, spectrum sensing techniques and the use of databases are
widely considered as a valid and effective solution, [2, 3, 4, 56, 57, 58, 59,
60, 61, 62, 63, 64].

As detailed in the following, some issues can be identified in current
spectrum awareness approaches. Spectrum sensing techniques usually only
refer to a binary i.e., on-off, information on the availability of a specific
band, without providing interference levels that would allow to fully ex-
ploit it in the subsequent resource allocation phase. As for databases, they
might be able to provide such information, but the main issues are: i) con-
fidentiality aspects, as they might not be disclosable to the public or to the
database owner; and ii) their accuracy, as they might be not up to date.
These considerations lead to the need for an extended spectrum awareness
approach, in which not only the band is detected as available or not, but
estimation techniques are implemented to gather information on the ac-
tual interference that is present. This approach could even enable differ-
ent exploitation techniques and a more flexible and effective usage of the
spectrum. As an example, depending on the output of both the estimation
and the detection phases of the algorithm, Adaptive Coding Modulation
(ACM) [65] or dynamic carrier allocation [66, 67] can be implemented.

3.3 State-of-the-Art and Rationale

Several techniques have been proposed in literature with respect to detec-
tion of primary users in cognitive radio scenarios. With respect to their ap-
plication in a satellite context, an analysis of the main proposed techniques
applied in the considered scenarios is provided in the Appendix 3.9.3 of this
chapter. In particular, Energy Detection (ED) [62], Cyclostationary Feature
Detection (CFD) [68], and Feature and Waveform-based Detection (FD and
WD) [61] are among the most common techniques for spectrum sensing
and each of them has specific features related to what the cognitive user
aims at:
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• i) energy detection has the advantage of low complexity and general
applicability, but it becomes inefficient in case of uncertainties (noise,
in particular);

• ii) cyclostationary detection achieves a more robust detection at the
expense of higher complexity and larger sensing times since it is based
on the detection of periodic features included within signals (e.g., mod-
ulation, carrier, etc.);

• iii) feature or waveform detection that can reduce the sensing time
without decreasing the performance are based on the knowledge of a-
priori patterns to be detected, which, however, might not be available.

These techniques aim at detecting primary users (PUs), thus allowing the
cognitive system to exploit unused frequencies. In this context, unused
refers to unused resources either in time or space. In particular, the detec-
tion is performed periodically when no transmission among the cognitive
users is requested, or alternating sensing and transmission periods in order
to keep track of any change in the environment. Typically, the optimization
of the duty cycle between the two periods, as proposed in [69], or sens-
ing by means of a dedicated hardware, are usually employed. In [64], the
authors approach the problem from an architectural point of view, propos-
ing a simultaneous spectrum sensing and transmission scheme based on an
hybrid architecture for CR transceivers. However, these solutions lead to a
throughput reduction or to an increased complexity of the system, which
are drawbacks that should be avoided or minimized. The above spectrum
sensing techniques only provide a binary information on the availability of
a specific band, i.e., whether it can be allocated to a cognitive user or not.
However, estimates on the power levels (i.e., noise and, eventually, other
signals) that are present on the considered band would greatly enhance
the overall performance of a cognitive system. In fact, this information,
if made available to the resource allocation engine, would allow to iden-
tify the bands providing higher capacities and select the most suitable tech-
nique to exploit them. A similar approach to the problem here addressed,
has been considered in [70], where the authors approach the estimation and
detection of malicious (i.e., jamming) users with a non data-aided approach
based on the Moment Generating Function (MGF) of the received signal.

In this context, we propose an extended spectrum sensing approach,
which performs a joint estimation and detection at the cognitive receiver
side. Starting from the SNORE (Signal-to-NOise Ratio Estimator) technique
presented in [71, 72], we develop an extension, named SNOIRED (Signal-
to-NOise plus Interference Ratio Estimator and Detector), for cognitive sce-
narios. In [71], it has been demonstrated that it is possible to analytically es-
timate the Signal-to-Noise Ratio (SNR) by resorting to the Maximum Likeli-
hood (ML) approach, while it has been exploited in [72] as enabler of adap-
tive coding and modulation in satellite communication scenarios. Different
from the SNORE [71], our approach can be modeled and designed aiming at
solving the joint estimation and detection problem with respect to cognitive
scenarios. In particular, the proposed algorithm aims at jointly estimating
and detecting the presence of the noise plus interference caused by the pri-
mary transmission, if present. The estimation is performed in a data aided
fashion, preventing the system to interrupt the transmission or to rely on
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a dedicated sensing hardware. This choice is driven by the fact that the
data aided estimation performs better in case of low signal to interference
plus noise ratios with respect to the non data aided estimation, resulting
in a more advantageous approach. In particular, pilots commonly used for
channel state estimation can also be employed to identify both the most re-
liable channel for cognitive transmissions, i.e., estimation, and the presence
of primary or incumbent users, i.e., detection. It is worth to be noticed in
fact, that the presence of pilot symbols can be assumed true for most of
the standardized communication systems, e.g., DVB-S2 [33], DVB-S2X [34],
LTE [73], and DVB-T2 [74].

As detailed in the following sections, with particular focus on the con-
sidered cognitive-based SatComs scenarios, we provide a complete charac-
terization of the proposed technique in terms of the parameters that define
the sensing phase of the cognitive engine. In fact, the design of the number
of pilots required for a proper Signal to Interference plus Noise Ratio (SINR)
estimation is an important aspect to be taken also into account besides from
the estimation performance of the algorithm. Moreover, combining detec-
tion capabilities is also fundamental in case of cognitive radio scenarios,
where multiple users share the spectrum and a reliable but prompt knowl-
edge of them is required. In fact, variations of the environment, as changes
in the licensed user activities or the arrival of new licensed users, might
occur and have to be monitored so as to both protect the licensed system
and maximize the cognitive potential. Thus, the cognitive system has to
periodically sense the spectrum and detect these variations. In addition,
it should also rely on a sensing technique capable to identify the spectrum
portion that allows to minimize the interference against licensed user trans-
missions. To these aims we propose the joint estimation and detection of the
SINR γ and interference levels. Thus, thanks to the proposed technique, the
cognitive user achieves a broader knowledge of the environment and of the
spectrum utilization. In particular, estimates of the SINR provide a quality
index for the transmissions in the selected bandwidth, and it is able to dis-
tinguish the source of the degradation, i.e., if in presence of only noise or
also other interfering users (as other cognitive terminals, licensed users, or
jamming sources).

3.4 SNOIRED Technique Design

A general signal model, which allows general applicability of the proposed
technique, is consider. The technique is based on the jointly estimation of
the SINR and the detection of PUs according to the estimated metric. In
particular, the estimation process is first addressed and, following, the de-
tection included. The main parameters that have an impact on the design
of the proposed technique are mathematically derived for both the stages.

3.4.1 Signal Model

In CR systems, the cognitive user has to define whether the licensed user is
present or not, represented by hypotheses H1 and H0 in which, respectively:
i) both noise and the licensed signal(s) are present; and ii) only noise is
present. However, since our aim is also to estimate the interference level,
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we include the useful (intended) signal into both hypothesis, since it will be
exploited so as to provide the objective estimates in a data aided approach.
Thus, we can represent the base-band equivalent expression of the signal at
the cognitive receiver denoted as r (t) as follows:

r (t) =



s(t) + n(t) H0 (PU absence)

s(t) +
∑Ni

m=1 im(t) + n(t) H1 (PU presence)
(3.1)

where: s(t) =
√

P0v(t)ejφ0 is the useful signal; im(t) =
√

Imιm(t)ej (2π fmt+φm )

is the m-th interferer, with m = 1, . . . , Ni and Ni denoting the number of
the interferers; P0, Im, for m = 1 . . . , Ni, denote the received power on the
useful and the m-th interfering links, respectively; φ0, φm, for m = 1, . . . , Ni,
denote the phase of the useful and m-th interfering signal, respectively, and
we assume φ0 = 0 without loss of generality; fm, m = 1, . . . , Ni, is the fre-
quency shift between the useful signal carrier ( f0 = 0 since we have low-
pass equivalents) and the m-th interfering signal carrier; and v(t), ιm(t), with
m = 1, . . . , Ni, denote the lowpass complex signals of the cognitive and m-th
interfering signals, respectively.

Under this general model and according to the typical modeling in cog-
nitive radio scenarios [60], we can assume that the interfering signals have
white spectral density in their band, and they can thus be modeled by
means of the central limit theorem as a Gaussian random variable with vari-
ance I0, which includes all of the previous interfering contributions. The
Additive White Gaussian Noise (AWGN), represented by n(t), is modeled
as a Gaussian random variable with zero mean and power spectral density
equal to N0 as well.

3.4.2 SNOIRED Design - Estimator

The design of the estimator part of the proposed SNOIRED technique is
here derived starting from the results, which are here briefly reported for
sake of completeness, obtained in [71, 72]. In case of cognitive radio sys-
tems a complete characterization of the parameters that influence the sens-
ing phase, e.g., the sensing period, is of main importance.

As highlighted in [72], the data aided variant of the SNORE algorithm
improves its performance and is based on the exploitation of pilot sym-
bols embedded within the cognitive communication stream. It is assumed,
as commonly foreseen in many communication standards [33, 74, 73], that
blocks of pilots having the same length are embedded in the transmitted
signal s (t) and alternated with data symbols. We further assume that the
cognitive receiver is synchronized with the transmitter and is able to decode
the symbols as required for the algorithm. Based on these assumptions, s(t)
can be written as:

s(t) =
W∑
l=1

Ns−lNslot∑
k=1−lNslot

d
(
|k |Nslot

)
(3.2)

where: W represents the number of pilot blocks; Ns is the number of pi-
lot symbols in each pilot block; Nslot denotes the slot block length, which
includes both pilot and data symbols; and d

(
|k |Nslot

)
represents the k-th

complex symbol belonging to a certain pilot block. The notation | · |Nslot
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FIGURE 3.1: Frame structure of the proposed cognitive
transmission. Alternating data and pilot blocks.

defines the modulo-Nslot operator. A representation of the cognitive trans-
mission framing structure with both data and pilot blocks is provided in
Figure 3.1.

The real SINR γ is defined as the ratio between the useful received signal
power P0 and the noise plus interference power N0+ I0, i.e., γ = P0/(N0+ I0)
and its ML estimation, γ̂, can be calculated as in [71, eq. (2)], here reported
in equation (3.3) for sake of completeness.

γ̂ =
P̂0

P̂R − P̂0

(3.3)

where:

P̂0 =



1

W Ns

W∑
l=1

Ns−lNslot∑
k=1−lNslot

r (k)d
(
|k |Nslot

)

2

P̂R =
1

W Ns

W∑
l=1

Ns−lNslot∑
k=1−lNslot

|r (k) |2 (3.4)

P̂0 and P̂R in (3.4) represent the estimated useful power (power of s(t)) and
the overall estimated received power (power of s(t) +

∑Ni

m=1 im(t) + n(t)), re-
spectively. The SNORE algorithm is a Maximum Likelihood (ML) estimator
for which a deeper characterization can be found in [18, 71].

Starting from the relationship between the error varianceσ2
ε

1 , the SINR,
and the number of pilot blocks W that allow to reach the Cramer-Rao Bound
(CRB), the explicit expressions for the design of the proposed cognitive
technique are derived following the approach described in the Appendix
3.9.1. Eqs. (3.5) - (3.6) provide the minimum number of total symbol pilots
Ntot = W Ns required to reach the CRB and the target error variance σ2

ε , re-
spectively. With respect to (3.6), roots of the equation are not shown due
to their complexity. Thanks to (3.5) and (3.6), an upper and lower bound
of the symbols are required to achieve a reliable or targeted estimation, are
obtained. According to these equations is therefore possible to optimize the
frame structure of the cognitive transmission for estimation and detection
of the incumbent users purposes.

Ntot = *
,

3

2
+

SI N R2

CRB

( 2

SI N R
+ 1

)
*
,

1

2
+

√
1 +

6CRB
SI N R (2 + SI N R)

+
-

+
-

(3.5)

1The error variance is defined as the square difference between the estimated and the
real value, (γ̂ − γ)2. In the following, we usually refer to the normalized value σ̄2

ε , which is

equal to
(
γ̂−γ
γ

)2
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N3
tot −

(
11

2
+

SI N R
σ2
ε

(SI N R + 2)
)

N2
tot + · · ·

· · · +

(
39

4
−

1

2σ2
ε

+ 2
SI N R
σ2
ε

)
Ntot −

45σ2
ε − 4

8σ2
ε

= 0 (3.6)

3.4.3 SNOIRED Design - Detector and Threshold Derivation

The cognitive user usually relies on the output of the spectrum sensing
phase in order to identify the presence of licensed users. In particular, a
test statistic able to discern presence or not is derived from the received
signal r (t). Two different hypotheses, i.e., H0 and H1, can be defined in the
proposed scenario at the receiver input. For the former, we consider that the
received signal is not interfered by the primary user and comprises only the
useful signal s(t) and the AWGN noise n(t) while, in the latter, the licensed
interfering signal i(t) and other (possible) interfering contributions, which
have been expressed as

∑Ni
m im(t) in (3.1), are also present. Since either H0

and H1 is true, we should derive a decision criterion, which, after observ-
ing the outcome in the observation space, is able to guess which hypotesis
is true. In case of binary hypotesis problems, the comparison between a test
statistic and a threshold is the common approach. The proposed test statis-
tic, to be compared with the threshold η, is the estimated signal to noise
plus interference ratio γ̂ computed with the SNOIRED algorithm.

In the context of the detection theory, the probabilities of false alarm,
Pf a, and correct detection, Pd, are considered as performance indicators
to be guaranteed and used to evaluate the effectiveness of the algorithms.
Thus, Pf a and Pd are derived in the following. Stating that the observation
in the region associated to H1 is lower than the one associated to H0 accord-
ing to (3.1) and as explained in the Appendix 3.9.2, the two probabilities
can be defined as:

Pf a = Prob {γ̂ < η |H0} =

∫ η

0
pγ̂ |H0 (γ̂ | H0)dγ̂ (3.7)

Pd = Prob {γ̂ < η |H1} =

∫ η

0
pγ̂ |H1 (γ̂ | H1)dγ̂ (3.8)

where: γ̂ is the test statistic; η is the detection threshold; and px (x |Hi) is the
Probability Density Function (PDF) of x conditioned to hypothesis Hi, with
i = 1, 0.

An analytical expression of the threshold η can be derived from the
conditioned probability density functions of the test statistic, pγ̂ (γ̂ |H0) and
pγ̂ (γ̂ |H1). From [71], the statistical distribution of γ̂ is given by a non-central
Fisher distribution, F , with degrees of freedom 1 and 2Ntot − 1, and non-
central parameter λ = 2Ntotγ:

γ̂ ∼
1

2Ntot − 1
F1,2Ntot−1 (2Ntotγ) (3.9)

where γ represents the real SINR to be estimated and Ntot the number of
pilot symbols used for the estimation. γ can be written as:
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γ =
S

N0 + I0
=

S
N0

(
I0
N0
+ 1

)−1

(3.10)

and we can state that, under the hypothesis H0, the SINR coincides with the
SNR due to the absence of the interferer, i.e., I0 = 0, while, under H1, the
SINR also includes this contribution. Thus, λHi , the non-central parameter
under the selected hypothesis Hi with i = 1, 0, becomes

λHi =




2Ntot SN R = 2Ntot
S
N0

if H0

2Ntot SI N R = 2Ntot
S
N0

(
I0
N0
+ 1

)−1
if H1

(3.11)

In conclusion, taking into account that (3.7) and (3.8) are the definition
of the Cumulative Density Functions (CDFs) conditioned by H0 and H1 re-
spectively, we can reformulate them as:

Pf a = Prob {γ̂ < η |H0} = F
{
γ̂ |1, 2Ntot − 1, λH0

}
(3.12)

Pd = Prob {γ̂ < η |H1} = F
{
γ̂ |1, 2Ntot − 1, λH1

}
(3.13)

where F {γ̂ |DF1, DF2, λ} is the non-central Fisher CDF of the random vari-
able γ̂ with degrees of freedom DF1, DF2 and non-central parameter λ. A
complete representation of the CDF is given in (3.14), where I (z; a, b) is
the regularized incomplete beta function with parameters a, b. According
to (3.9), the CDFs derived in (3.12) and (3.13) are already normalized with
respect to the multiplicative constant 1/ (2Ntot − 1).

F {γ̂ |DF1, DF2, λ} =

∞∑
j=0

*.
,

(
1
2λ

) j
j!

e−
λ
2

+/
-

I
(

DF1γ̂

DF2 + DF1γ̂
;

DF1

2
+ j,

DF2

2

)
(3.14)

Finally, the threshold selection can be obtained by means of the Neyman-
Pearson theorem [75]. A target probability of false alarm or detection are
usually fixed in order to maximize the other, leading to the two different
approaches for the threshold selection: Constant False Alarm Rate (CFAR)
and Constant Detection Rate (CDR), respectively.

By focusing on the CFAR approach, the threshold ηCFAR is derived for
a target P̂f a. The selected threshold allows to obtain the maximum value
for Pd. From (3.11) - (3.12), it is possible to derive such threshold as:

ηCFAR =
1

2Ntot − 1
F−1

{
P̂f a |1, 2Ntot − 1, 2Ntot SN R

}
(3.15)

where F−1 {y |DF1, DF2, λ} is the non-central Fisher inverse cumulative den-
sity function of the corresponding probability y with parameters DF1, DF2,
and λ.

Similarly, for the CDR approach, a target probability of detection P̂d is
taken into account trying to minimize the Pf a. In this case, the threshold
can be calculated from (3.11) and (3.13) as:

ηCDR =
1

2Ntot − 1
F−1

{
P̂d |1, 2Ntot − 1, λCDR

}
(3.16)
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where λCDR = 2Ntot SN R
(
I0
N0
|t + 1

)−1
is the non-central parameter and I0

N0
|t

the minimum Interference-to-Noise Ratio (INR) to be detected with a prob-
ability equal to P̂d. Indeed, the threshold selected by means of the CDR is
dependent on the interference power I0, which is not known a priori. Thus,
in order to define the threshold ηCDR, a minimum detectable value I0 has
to be selected. This value can be identified taking into account recommen-
dation and regulatory requirements. As an example, in [76] the I0

N0
values

that should not be exceeded for guaranteeing the maximum allowable er-
ror performance and availability degradation are defined in case of Fixed
Satellite Services (FSS). Thus, considering a target I0

N0
|t , by means of the

CDR threshold selection approach we guarantee the desired probability of
detection P̂d for all the values above the chosen threshold I0

N0
|t .

For both threshold selection approaches, the SNR is considered known
a priori. A description on how the estimation degrades in the presence of
errors in the SNR estimates can be found in section 3.7.

3.5 SNOIRED Performance Analysis

3.5.1 Estimator Performance Analysis
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Cramer−Rao bound − variance = 0.01
Analytical variance = 0.01
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(B) Number of pilot blocks

FIGURE 3.2: DA-SNORE performance bounds. Normalized error variance
and Number of pilot blocks as a function of the SINRs.

In this section we discuss the numerical results concerning the estima-
tion part of the proposed technique. In Figure 3.2, the performance of the
SNORE algorithm is assessed in the proposed scenario. In particular, Fig-
ure 3.2a shows the normalized estimated error variance as a function of the
SINR for W = 1, 5, 10 pilot blocks, i.e., the estimation of the SINR accumu-
lating a different number W of pilot blocks, each constituted by 36 QPSK
symbols as in the DVB-S2x standard [34]. The performance is derived by
comparing the CRB with both analytical and Monte Carlo simulation re-
sults. In this figure, the solid line shows the normalized Cramer-Rao bound
evaluated from (3.27), the dashed line represents the analytical error vari-
ance derived in (3.28), whereas the computer simulated results are repre-
sented by the dots. The algorithm provides very good results, very close
to the Cramer-Rao Bound. Moreover, as expected, the error variance for
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a fixed SINR decreases by using more pilot blocks, as this ensures better
performance of the estimation process.

In Figure 3.2b, the behavior of W is represented in terms of the Cramer-
Rao Bound, as derived in (3.5) with a solid line, compared with the results in
terms of analytically derived estimation error variance, as derived in (3.6),
with a dashed line, as a functions of the SINR. The computer simulation
results are shown with dots. Different values of normalized error variance
σ̄2
ε equal to 0.1, 0.05, and 0.01 to be achieved, are considered. The simu-

lated results perfectly fit the analytical results. In accordance with the pre-
vious figure, the number of required pilot blocks decreases for increasing
values of the error variance. Based on this algorithm, the estimation can
be performed with the minimum number of W equal to the nearest integer
number with respect to the value obtained from (3.6) for the desired vari-
ance and, as we expected, in order to obtain a better variance a higher W is
required.

3.5.2 Detector Performance Analysis

In this section, the performance of the proposed joint estimation and detec-
tion technique, whose block diagram is shown in Figure 3.3, is evaluated by
means of the typical figures of merits used in the field of detection theory,
whereas the assessments on its estimation capabilities have been assessed
in section 3.5.1. The Receiver Operating Characteristics (ROC) are assessed
for different values of the number of symbols Ntot and of the SNIR. Then,
in order to compare the proposed algorithm with the ED, the performance
in terms of probability of detection Pd as a function of the INR is shown.
Finally, a comparison between the CFAR and the CDR approaches as de-
scribed in Section 3.4.3 for threshold selection is also provided. The param-
eters used for the evaluation of the proposed technique are listed in Tab. 3.1.

We assume that the cognitive receiver is synchronized with the cogni-
tive transmitter and able to decode the received symbols. This is a rea-
sonable assumption if the proposed algorithm is performed to detect new
incoming licensed users when the cognitive transmission is already estab-
lished, or in case of underlay scenarios where the two transmissions can
coexist and the cognitive system has to adapt itself to the information gath-
ered during the sensing phase. We also assume that the pilot symbols of
the cognitive transmission for SINR estimation are QPSK modulated and
embedded within the communication stream.

+
-

FIGURE 3.3: Block diagram of the SNOIRED technique.
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TABLE 3.1: Detector performance assessment:
simulation parameters.

Parameter Value
Ns 36
W 1, 5, 10

I0/N0 [dB] from -15 to 15
I0/N0 |

t [dB] -10
S/N0 [dB] -10, 0, 5, 10

Pt
f a

0.1
Pt
d

0.9
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(A) SNR = -5 dB and
INR = -5 dB
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N = 36 − Simulated
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(B) SNR = 5 dB and
INR = -5 dB

FIGURE 3.4: Detector performance assessment: ROC curves.

In Figs. 3.4a and 3.4b the ROC curves for different values of Ntot are
shown by considering an INR equal to −5 dB and a SNR equal to −5 dB
and to 5 dB, respectively. As expected, in both cases, given a selected prob-
ability of false alarm, a higher number of samples Ntot provides a higher
probability of detection due to the better estimation of γ̂. Moreover, the
SNR also affects the probabilities of the ROC curves. In fact, comparing
the two figures, we can highlight that for higher SNRs the estimation of γ̂
is more accurate and leads to a higher detection performance of the inter-
fering signal. In the two figures, the numerical results obtained through
Monte Carlo simulations are compared with the analytical curves derived
from (3.7) - (3.8). It can be noticed that the simulated results almost perfectly
match the analytical curves.

A comparison between the proposed SNOIRED technique and the ED
is shown in Fig. 3.5. The two techniques are assessed as a function of the in-
terference to noise ratio INR since, while the SNOIRED algorithm operates
in presence of both the useful and the interfering signal, no presence of the
useful signal occurs in case of the energy detector. Moreover, for the pro-
posed technique we consider different values of SNR, here fixed to 0 and 10
dB for simulation purposes. The threshold is evaluated for both the tech-
niques by means of the CFAR approach taking into account a target proba-
bility of false alarm P̂f a equal to 0.1 and different number of samples Ntot .
In particular, the figure shows the results obtained for the SNOIRED algo-
rithm and the ED in case of Ntot = 36 (W=1) and Ntot = 360 (W=10) samples,
respectively. It can be noticed that the performance of the two techniques is
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FIGURE 3.5: Detector performance assessment: Pd as a function
of the interference to noise ratio INR.

similar in terms of probability of detection above a given INR. In particular,
they converge to the same probability for higher SNRs independently of
the number of samples considered for estimation, whereas, in case of lower
SNRs, the probability of detection slightly worsen for the former technique.
On the contrary, in case of low INRs, for which the probability of detection
decreases in both cases, the performance of the proposed technique con-
verges to the same probability of detection independently of the SNR, and
such probability is slightly higher than that achieved by the ED.
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FIGURE 3.6: Detector performance assessment: Pf a and Pd as a
function of the SNR for CFAR and CDR threshold selection.

Since the previous results show that the performance of the algorithm
depends either on the SNR and the number of samples Ntot , the probability
of detection is further assessed as a function of the SNR for different inter-
fering power levels. Thus, in order to assess how the INR affects the perfor-
mance of the proposed technique, Pd and Pf a are evaluated as a function of
the SNR for different INRs and for both the CFAR and CDR approaches in
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Fig. 3.6, where the x-axis refers to Pd in case of CFAR and to Pf a in case of
CDR. A number of samples Ntot equal to 360 and the interference thresh-
old I0/N0 |

t fixed to −10 dB in case of the Constant Detection Rate (CDR)
approach are considered. As expected, the probability of detection is an in-
creasing function of the SNR and, for a given value, a stronger interferer is
detected more easily. On the other hand, it can be noticed that the probabil-
ity of false alarm obtained with the CDR approach guarantees a probability
of detection equal to 0.9 for all the values of INR higher than -10 dB. In
this case, Pf a is a decreasing function of the SNR independently from the
interference level.

3.6 Assessment on real SatCom scenarios

Both the estimation and the detection capabilities of the proposed technique
are now evaluated in the different SatCom scenarios, for which the tech-
nique is designed and adapted. The assessment of the SNOIRED technique
with respect to the considered SatCom environments would highlight its
advantages in terms of applicability and enabled spectrum opportunities.
Geographical maps showing in each grid point the selected FoM, are pre-
sented. In case of estimation, real values of INR from database data and the
values estimated by the UTs are compared to show the effectiveness of the
technique. On the other side, a similar analysis is performed also in case of
detection for which percentages of spatial probability of false alarm and detec-
tion are provided [27]. Both Scenario 1 and 2 are addressed and similarities
and differences concerning their spectrum opportunities are highlighted.

With respect to the assessment of the proposed technique and the nu-
merical results provided, we assume a multibeam satellite with hundreds
of beams covering the whole Europe as reference system architecture (see
section 2.1). We assume that the payload operate with different SatNets
both in the exclusive and non exclusive spectrum bandwidths. The reference
4 color frequency reuse is used in the exclusive bandwidth and a similar
pattern can be considered for the non exclusive bandwidth. However, not
all the non exclusive spectrum is considered but only portion of it. Either
the spectrum available in case of Scenario 1 or 2 can be exploited in case
of spectrum opportunities. Thus, portion of spectrum either from the spec-
trum from 17.3 to 17.7 GHz or from 17.7 to 19.7 GHz are assigned to the con-
sidered cognitive-based satellite system on a secondary basis. The system
exploits a four-color frequency reuse scheme and DVB-S2x [34] air interface
for forward downlinks. The FSS Earth terminals of the cognitive system are
equipped with a receiving chain able to scan all the frequencies of inter-
est with a sensing sub-band, BW , equal to 36 MHz, which is the typical
bandwidth of DVB-S2 [33] and DVB-S2x [34] communications. Although
the wide spectrum considered in case of the two scenarios, we assume that
only part of the available user bandwidth is scanned. This allows a trade-off
between the number of carriers to be evaluated and the spectrum opportu-
nities that can be present. As an example, considering a user bandwidth
to be scanned of 500 MHz, this band is divided in 13 adjacent carriers. For
each of these carriers, the SNOIRED algorithm is performed considering a
proper number of pilots Ntot in order to assess whether primary users are
present or not and to estimate the interference they generate. The algorithm
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exploits the known symbols included in each pilot block, which are always
present in the DVB-S2x Super-Frame (SF) structure and regularly inserted
and composed by 36 symbols or a multiple, [34]. Thus, in the considered
scenarios 1 and 2, the FSS terminal downlink might be interfered by incum-
bent links. This condition occurs if the FSS terminal partially/fully shares
the same bandwidth with the PUs. However, exploiting the geographical
reuse in order to achieve a better spectrum utilization would be possible
due to the wide coverage of the satellite beams. To this aim, the FSS termi-
nal are equipped with a receiving chain able to scan all the frequencies of
interest and for each of such bands define whether PUs activities are present
or not. In this context, it is assumed that the user terminals have an aware-
ness additional capability, which allows them to sense and evaluate the
spectrum. Therefore, the user bandwidth is sensed and spectrum oppor-
tunities are detected directly by the user terminals. The awareness phase
has to cope with the detection of a frequency band in which the maximum
interference that the PU may cause against the FSS terminal does not exceed
a specific limit defined by ITU Recommendation S.1432-1 [76]. Since in this
scenario the main problem is not due to the interference from the cognitive
to the incumbent, but the interference generated by the incumbent towards
the cognitive system, it would be sufficient to detect/estimate such interfer-
ence in each band, and identify those bands in which the interference level
is more tolerable. Then, one of the possible bands should be chosen pro-
viding the best performance at the FSS terminal. Therefore, FSS terminals
that usually operate in the exclusive frequency bands, can additionally use
the non exclusive if room is found in order to get additional capacity. The
scan operation can be performed periodically with a duty cycle defined ac-
cording to the variation of the activities of the PUs in order to guarantee
the desired capacity and satisfy QoS requirements. More specifically, a first
more accurate evaluation can be performed along all the frequency range
when no data transmission is required. In particular, all the terminals of the
system may be activated to perform a synchronized sensing by means of a
broadcast channel. After this, such terminals can send back to the Network
Control Center (NCC) the information on the spectrum utilization and the
NCC could allocate, for each user, the most reliable band according to the
selected resource allocation algorithm. This operation may be identified as
the initial sensing phase. However, if a transmission is established in a non
exclusive band, the potential interference caused and the quality of the trans-
mission parameters should be periodically detected/estimated as well. We
refer to this operation as a f ast in-band sensing. Consequently, if during this
phase an interference level higher than expected is detected, another band
should be selected for the downlink transmission. To this aim, it is possible
to perform a second initial sensing phase, in order to scan the entire spec-
trum again or to rely on the decision made during the former one choosing
another frequency band. It is worthwhile highlighting that while the ter-
minal performs the spectrum scan phase, the NCC decides when and how
to perform it and which frequencies are the most suitable for transmission.
Hence, terminals should provide all the values of the detected/estimated
interference to the NCC by means of the signaling channel. The NCC then
collects them and decides the frequency assignment to be used. The initial
and in-band fast sensing operations above described are shown in Figure
3.7. The flow diagram shows the sequential operations performed by the
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FIGURE 3.7: Awareness operational work flow in the considered
cognitive-based SatCom scenarios.
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NCC and the Earth terminal. Moreover, the exchanged messages, repre-
sented by dashed lines, between the NCC and the Earth terminals are high-
lighted and we suppose that these information messages can be exchanged
by means of the signaling channel. On the other hand, the diamonds rep-
resent different alternatives according to the changes in the environment
and the boxes represent the operations of the sensing technique and data
transmission. From the terminal point of view, it is important to define the
bandwidth to be scanned and the sensing time in order to compute a reli-
able estimation of the PU interference. In this case, typical bandwidths of
36 MHz channel bandwidth for downlink transmissions are considered.

3.6.1 Estimation

Simulations on the applicability of the SNOIRED technique to the proposed
scenarios have been performed. In order to assess the performance of the
SNORE based estimation algorithm, a comparison with data representing
the ground interference values for a certain cognitive scenario has been
made according to the following approach. The interference levels to be
estimated with the SNORE algorithm at a given geographical location has
been obtained in [21, 22] by assuming the presence of incumbent systems
and by computing the interference level through ITU-R Recommendation
P.452-15 [77]. The input parameters to be initialized are related to the ter-
minal antenna that performs SINR estimation; as inputs it is possible to set
the FSS terminal coordinates (latitude, longitude), the longitude of the FSS
satellite Lsat that the terminal points at, the SNR defined as signal to noise
ratio P0/N , and the number of pilot blocks W . Thus, the corresponding val-
ues estimated by the SNORE estimation block and those used as a reference
are compared. These reference interference values are evaluated from the
interference model proposed in ITU-R Recommendation P.452-15 [77] used
for modeling the interference path losses.

TABLE 3.2: Assessment in SatCom scenarios:
Frequency assessments parameters

Parameters Parameters
Figure 3.8a Figure 3.8b

Frequency [GHz] from 17.3 to 17.7 from 17.3 to 17.7
SNR [dB] 4, -2, -8 -8

FSS Terminal latitude [◦] 51.73N 51.73N
FSS Terminal longitude [◦] -0.17E -0.17E

Lsat [degree] 53E -34E
W 10 1, 5, 10

BW [MHz] 36 36
Frame Modulation QPSK QPSK

Npilot

[
symbol

pilot block

]
36 36

In particular, this approach aimed at understanding how accurate the
estimation process is for a fixed terminal antenna in the frequency range
to be scanned, and which bands are temporarily/geographically vacant.
Tab. 3.2 lists the parameters used for the simulation setup, which consid-
ers Scenario 1 for first assessments. Figure 3.8a compares the estimated and
real SINR values (dashed and solid lines, respectively) for different SNRs as
a function of the frequency being scanned. The estimation is performed by
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FIGURE 3.8: Assessment in SatCom scenarios: Frequency assessments

accumulating 10 pilot blocks in each 36 MHz band. Numerical results con-
firm that errors decrease for increasing values of the SNR. Moreover, also in
low SNR regimes, the algorithm provides good performance, correctly es-
timating the interference level in strong interference scenarios (i.e., for low
SINR values). As an example, from (3.6) it is obtained, by setting W equal
to 10, that a target normalized error variance equal to 0.1 can be guaranteed
up to SINR equal to -12.4 dB. These values are also confirmed by the simu-
lation showed in Figure 3.8a. In Figure 3.8b, the SNR is fixed at −8 dB, and
different pilot blocks dimensions W are taken into account. As expected, by
accumulating more pilot blocks, the estimated SINR values (dashed lines)
get closer to the real values (solid line), especially in low SINR environ-
ments where an higher number of pilots is required as demonstrated in
Figure 3.2b.

Some considerations on the time required to estimate the SINR in each
band and along all the frequency range shall be provided as well. Since the
pilot blocks are inserted in the PHY framing of the DVB-S2x [34] between
data slots, namely capacity units (CUs), a higher W can lead to a very long
sensing time. Considering as an example the Format Specification 2, by
starting the estimation algorithm at the Start of Super-Frame, the first pilot
block occurs after the six replicas of the PL header2, i.e., after 1104 symbols.
The first block is constituted by five blocks of 36 symbols each, i.e., 180 sym-
bols, whereas the other pilot blocks are constituted by 36 symbols and occur
every 956 symbols inside the bundled PL-Frame. Thus, for each bundled
PL-Frame included in the considered Super Frame structure 71 pilot blocks
that allow the accumulation of 10 pilot blocks and the SINR estimation in
each band, are included.

In addition to the previous results in the frequency domain, some geo-
graphic evaluations have been performed. In particular, the potential ge-
ographic reuse factor of a specific carrier frequency as a function of the
relative location between interferer sources and the interfered terminal are
provided. Table 3.4 lists the parameters used for these simulations. In
Figs. 3.9,3.10, and 3.11 the maps describing real SINR values obtained from
databases and those estimated by a terminal in each point of the area, for
different pointing antenna angles, are compared. The results highlight that

2The PL (Physical Layer) header identifies the start of the bundled PLFRAME.
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TABLE 3.3: Assessment in SatCom scenarios:
Geographic assessments parameters

Parameters Figs. 3.9-3.10
Frequency [GHz] 17.634

SNR [dB] 4
FSS Terminal latitude [◦] from 51.4 to 52.4

FSS Terminal longitude [◦] from -1.0 to 0.2
Lsat [degree] 53E, 0E, 34W

W 10

different pointing angles generate different interference patterns, which,
therefore, demonstrate how different spectrum opportunities can be en-
abled according to the scenarios. The three figures evaluate the spectrum
opportunities with respect to the same area but different pointing angles of
the terminal antenna of the UTs. Thus, a correctly estimated area leads to
a better exploitation of geographically available spectrum. This area can be
evaluated in terms of percentage comparing the number of users that have
performed the estimation within a targeted estimation error and the total.
With respect to the considered scenario, the percentages of terminals that
have performed the estimation with an error higher than the target normal-
ized error estimation, σ̄2

ε , equal or lower than 0.1, are 0.57% in Figure 3.9,
0.34% in Figure 3.10, and 0.39% in Figure 3.11. Thus, thanks to an accurate
estimation of the SINR, the FSS system would be able to avoid high inter-
ferences and effectively reuse geographically available spectrum resources.

3.6.2 Detection

Assuming that the system relies on the proposed joint estimation and detec-
tion technique, an increased knowledge of the incumbent presence is given.
However, to select the most favorable carrier in which the Earth terminal
can receive the satellite signal, not only spectrum activities need to be esti-
mated but also PUs detected. In order to assess the capability of detecting
PUs, we consider that the Ka-band FSS cognitive system exploits the fre-
quency bands from 17.7 to 19.7 GHz, already allocated to terrestrial Fixed
Services (FS), for downlink transmissions, i.e., Scenario 2. In particular, the
presence of PUs and their transmission parameters is more irregular and
makes their detection more challenging in Scenario 2. The cognitive sys-
tem is able to scan the spectrum of interest and to estimate the interference
levels by means of the proposed technique identifying those frequencies
suitable for the transmission, i.e., those where the interferer is weak or not
present. Thus, the proposed technique not only is evaluated with respect
its estimation performance but also detection is taken into account.

In the depicted scenario, due to the wide beam coverage of the satellite
system with respect to the terrestrial link, the reuse of spectral resources
on a geographical basis would provide a better spectrum efficiency. This is
also due to the highly directive antenna radiation patterns of both incum-
bent and cognitive Earth terminals. For this reason, the applicability of the
technique is assessed in terms of the geographical area that can be exploited
by the cognitive users and be correctly estimated and detected. In partic-
ular, the potential geographic reuse factor is assessed for a specific carrier
frequency as a function of the relative location between interfering sources
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(A) Database interference values (B) Estimated interference values

FIGURE 3.9: Assessment in SatCom scenarios: Geographic domain assessments.
Lsat = 53E.

(A) Database interference values (B) Estimated interference values

FIGURE 3.10: Assessment in SatCom scenarios: Geographic domain assessments.
Lsat = 0E.

(A) Database interference values (B) Estimated interference values

FIGURE 3.11: Assessment in SatCom scenarios: Geographic domain assessments.
Lsat = 34W .
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TABLE 3.4: Assessment in SatCom scenarios: system and simulation
parameters for geographic assessments of the detection stage

System Parameters
Frequency Range from 17.7 to 19.7 GHz

Frequency reuse factor 4
Air Interface DVB-S2X

Geographical unavailable area 30%

Simulation Parameters Figs. 3.13 and 3.12
Carrier Frequency [GHz] 18.4
FSS Terminal latitude [◦] from 47.2 to 47.6

FSS Terminal longitude [◦] from 18.8 to 19.6
BW [MHz] 36

Frame Modulation QPSK
Ntot 360
W 10

Simulation Parameters Figs. 3.12a and 3.12b
σ2
ε |t/SINR2 0.1

Simulation Parameters Figs. 3.13a and 3.13b
P̂f a 0.1
P̂d 0.9
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FIGURE 3.12: Assessment in SatCom scenarios:
Geographic assessments - estimated areas
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FIGURE 3.13: Assessment in SatCom scenarios:
Geographic assessments - detected areas
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and the interfered terminal. Thus, a comparison with data representing the
ground interference values for a certain cognitive scenario has been made
also in case of the detection stage.

The geographic assessments has been carried out considering a portion
of Hungary limited from 18.8 to 19.6 of longitude and from 47.2 to 47.6 of
latitude and a frequency carrier centered in 18.4 GHz. About 30% of the
considered region is occupied by the primary FS systems, providing a wide
area that can be reused by cognitive satellite terminals. This percentage,
namely the Geographical unavailable area, is calculated by the database data
as the ratio between the grid points for which I

N |t ≥ −10 [dB] and the whole
coverage. All the parameters used for simulations are listed in Table 3.4.

Figures 3.12a and 3.12b compare the maps of the considered region
showing the SINR values obtained from databases and those estimated by
assuming a terminal at each location of the area. The results confirm that
the estimation technique gives a reliable awareness of the SINR levels in
the considered area, in which the primary and cognitive systems share the
same frequency and the primary users interfere the satellite links. In partic-
ular, considering a target normalized estimation error σ̄2

ε equal to 0.1, the
percentage of points not correctly estimated is 0.69%. The results demon-
strate that SINR values are correctly estimated and a wide area for satellite
cognitive transmissions can be exploited even in absence of the primary
users. Thus, a better exploitation of geographically available spectrum can
be achieved if this large area is correctly estimated. Subsequently, primary
users are detected in the second stage of the algorithm in order to provide
additional information on the spectrum activities within the area of interest.

Thanks to an accurate estimation of the SINR, the FSS system would
be able to avoid highly interfered areas and thanks to the detection effec-
tively reuse geographically the available spectrum resources. This can be
achieved by the joint estimation and detection technique, which provides
an additional knowledge about presence of other users. Results are shown
in Figs. 3.13a-3.13b, where the data from the database are compared with
those obtained through simulations. Target probabilities of false alarm P̂f a

and of detection P̂d are fixed to 0.1 and 0.9, respectively. In Fig. 3.13a the
white and the black areas indicate primary user absence and presence, re-
spectively. The values from the database can be compared with those ob-
tained from simulations, shown in Fig. 3.13b. The areas where the interfer-
ence is detected with a probability P̂d higher than 0.9 are shown in black,
whereas the white area represents the area where the primary user has not
been detected or is absent. By recalling the figures of merit spatial detection
rate RS

d
(eq.) and the spatial false alarm rate RS

f a
(eq.), introduced in [27],

and defined, respectively, as the ratio between the area correctly detected
as interfered A|Ĥ1 |H1

and the total interfered area A|I/N ≥I/N |t , and the ratio
between the area wrongly detected as interfered A|Ĥ1 |H0

and the total area
not interfered A|I/N ≤I/N |t , it is possible to evaluate the effectiveness of the
proposed approach in a realistic area.

RS
d =

AĤ1 |H1

A|I/N ≥I/N |t
(3.17)

RS
f a =

AĤ1 |H0

A|I/N ≤I/N |t
(3.18)
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With respect to the performed evaluations, in the proposed scenario the
CFAR threshold allows to achieve a percentage of spatial detection ratio
equal to 81.7%. On the contrary, the spatial false alarm ratio is zero and
no points in which the interfering signal is not present are (wrongly) con-
sidered as occupied. Thus, considering the probabilities of missed detection
and rejection (dual to false alarm and correct detection, respectively), the se-
lected threshold guarantees that all points in which the primary user is ab-
sent can be correctly detected as free, while a percentage of approximately
18.3% of points in which the primary user is present are not correctly de-
tected. Similar results can be obtained in different areas and scenarios in ac-
cordance to the percentage of occupied area and the parameters set for the
estimation of the SINR and the threshold selection. In particular, it has to
be stated that estimation and detection errors occur in opposite situations
and can therefore compensate each other. In particular, estimation errors
are due to highly interfering users, which can be easily detected since high
INRs occur. On the opposite, detection errors take place in case of weak
interferers, i.e., resulting in higher SNIR values, for which the estimation
error variance is lower.

3.7 Impairments Analysis

Even if the proposed SNORIRED technique achieves promising performance
as shown in the previous sections, its application in a realistic environment
would be affected by the presence of several impairments. Thus, perfor-
mance assessments under realistic impairments should be performed. In
particular, the spectrum sensing based on measuring the SNIR requires a
baseline calibration in order to handle practical uncertainties.

In the following, we do not refer to any specific knowledge of the incum-
bent, e.g, its presence and spectrum activities, for the sensing task. First,
spectrum sensing is performed during the first carrier lineup procedure
of the terminal installation. The overall expected link performance is as-
sumed known from planning and previous link budget exercises, which do
not take into account presence of PUs. This results in an expected signal
to noise ratio that has to be met at the installation of the terminal. During
the terminal installation and after the antenna pointing task, we obtain the
expected and measured signal to noise ratio. A residual difference between
the two values has to be correctly interpreted by the NCC. This difference
may result from different perturbations or inaccuracies, which are listed
in Table 3.5, in the overall system and they need to be addressed with the
NCC integration of the spectrum sensing techniques and its proper calibra-
tion. Additional mechanisms have to be defined in this context to address
all possible sources of practical errors to devise a reliable detector of the
interference generated by PUs.

The focus is on the effect of perturbations and impairments that may oc-
cur to the proposed spectrum sensing technique and previously described.
Thus, the SNORIRED technique is here reviewed taking into account changes
and adaptations required with respect to the reference technique under
ideal conditions in order to cope with possible impairments that will affect
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the cognitive satellite system. The link budget of Earth terminals is affected
by typical issues that may arise also during set up procedure as:

• Pointing errors

• Fading uncertainties

• G/T and sat. gain uncertainties over coverage area

Impairments that affect the SINR estimation process during terminals
installation and the sensing phase performed during the common trans-
missions, are here introduced and summarized in Table 3.5. Further details
can be found in [31, 32].

Imperfect alignment of the transmitting and receiving antennas could
cause pointing errors that are sources of additional losses. These losses are
due to a reduction of the antenna gain with respect to its maximum and
are function of the misalignment of the angle of reception θR, and can be
evaluated as:

LR = 12

(
θR
θ3dB

)2

[dB] (3.19)

where θ3dB is the 3 [dB] beamwidth angle between the maximum gain di-
rection and the 3 [dB] antenna gain direction. Other losses that could affect
Earth Terminals (ET) due to non idealities, are the feeder losses LFRX be-
tween the antenna and the receiver, and the polarization mismatch losses
LPOL .

Potential contributing factor to Order of Mitigation
measured SNIR delta perturbation inaccuracy measure
Rainfade and atmospheric attenua-
tion during terminal installation

Several [dB] Long-Term averaging, addi-
tional learning procedure at
NCC

Inaccurate antenna pointing 1 [dB]
of the terminal
Cross polarization interference 0.5 [dB]
Bias in expected SNIR value 1 [dB] Reference terminals,
from margins at different levels overall system learning
Interference from other satellite 2 [dB] Planning tools, measurements
downlinks or adjacent beams of the
same system

of expected levels

Interference from other systems Scenario
(Scenario 1/2) dependent
Receiver gain variation 1 − 2 [dB]

(seasonal)
LNB gain variation 1 − 2 [dB]

TABLE 3.5: Potential perturbations contributing to incorrect
SNIR estimation of the SNOIRED technique

Atmospheric events cause additional attenuation and variation with re-
spect to the common free space loss propagation. Several effects are present
but an overall contribution affecting the received power can be taken into
account by adding to the free space loss attenuation AFSL the contribution
AP that includes all the atmospheric attenuation:

ATOT [dB] = AFSL[dB] + AP[dB] (3.20)
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These losses are significant above 10 GHz as in case of the Ka bands, which
are used in the considered scenario. In such bands, tropospheric phenom-
ena are the main contributions of the link availability and service quality
degradation. These phenomena are i) attenuation, ii) scintillation, iii) depo-
larization and iv) increase of the antenna temperature in the receiving Earth
terminal. A more detailed description of these phenomena is included in
[31, Chapter 3]. Link budget is affected by these contribution in many ways.
In the downlink case, the carrier to noise ratio can be expressed as:(

C
N0

)
DOWNLINK

[dB] = (1−∆1)EIRPSAT−ATOT+(1−∆2)
(

G
T

)
ET

−kB (3.21)

and can be rearranged in order to separate the ideal, or expected value(
C
N0

)
FSL

calculated in free space loss conditions, from contributions that
cause its variation. The downlink carrier to noise ratio is, therefore, ex-
pressed as(

C
N0

)
DOWNLINK

[dB] =

(
C
N0

)
FSL

− ∆1EIRPSAT − Ap − ∆2

(
G
T

)
ET

(3.22)

where EIRPSAT is the satellite EIRP,
(
G
T

)
ET

the figure of merit of the Earth
Terminal receiver and ∆1 and ∆2 a possible decrease of the satellite EIRPSAT

and the figure of merit
(
G
T

)
ET

, respectively. In particular, the figure of merit(
G
T

)
ET

, i.e., including also losses of the receiving chain, can be expressed as(
G
T

)
ET

=
GRmax/LRLFRXLPOL

TTOT
[K−1] (3.23)

where TTOT is the total downlink system noise temperature at the receiver
input and it is function of the antenna temperature TA, the feeder tempera-
ture TF , and the effective input noise temperature of the receiver TeRX

TTOT =
TA

LFRX
+ TF

(
1 −

1

LFRX

)
+ TeRX (3.24)

Temperature variations of the environment cause variation from the nom-
inal value of

(
G
T

)
ET

besides other impairments already been addressed as
pointing errors. In particular, TA and TeRX are defined as

TA =
TSKY

Ap
+ TM

(
1 −

1

Ap

)
+ TGROUND (3.25)

TeRX = (NF − 1)T0 (3.26)

Where in the former equation TSKY , TM , and TGROUND are respectively
the sky, the medium and the ground temperatures whereas in the latter
equation the NF is the noise figure and T0 the default noise temperature
fixed at 290 K. Variations of these effects can be included in ∆2.
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Parameter Name Abbreviation Value
Sky Temperature TSKY 15 [K]
Ground Temperature TGROUND 45 [K]
Temperature of the Medium TM 275 [K]
Downlink Frequency 18.4 - 18.8 GHz
Satellite EIRP EIRPSAT 50 − 70 [dBW]
Carrier Bandwidth 36 [MHz]
Terminal Efficiency 0.65

Terminal Antenna Diameter 0.6 meters
Figure of merit G/TET 34.9 [dB/K]
Additional EIRPSAT variation ∆1 [dB]
Additional (G/T )ES variation ∆2 0 − 2 [dB]
Antenna gain GR 50˘62 [dB]
Polarization Losses LPOL 0 − 0.5 [dB]
Pointing Losses LR 0 − 1 [dB]
Feeder Losses LFRX 0 [dB]
Terminal Antenna Temperature TA 78 [K]
Effective noise temperature TeRX 262 [K]
Terminal Component Temperature TF 290 [K]
Default Temperature T0 290 [K]
LNA Noise Factor NF 1.4 [dB]
QPSK Symbols per pilot 36

TABLE 3.6: System Reference Parameters for SNOIRED
technique in presence of impairments assessments

3.7.1 Interference estimation in presence of impairments

After having reviewed the impairments that may occur at the receiver dur-
ing the estimation process, we performed simulations in order to verify the
robustness of the proposed technique. We provide a comparison between
the ideal case, i.e., without impairments, and several worst case scenarios
that include different subsets of impairments. In particular, the SINR esti-
mated in the ideal case can be considered as the expected value that differs
from the real estimated value due to the presence of impairments. System
reference values taken into account for simulations are reported in Table 3.6.

In Figures 3.14 and 3.15 the performance of the SNORE algorithm in
presence of three specific impairments cases, which are resumed in Table
3.7 and have been selected among all the possible for their significance, is
depicted. In particular, Figure 3.14 shows the normalized error variance σ̄2

ε

as a function of the SINR when 5 and 20 pilot blocks of 36 symbols each are
used for the estimation, Figures 3.14a and 3.14b, respectively. On the other
side, Figure 3.15 describes the minimum required number of pilot blocks in
order to achieve a target normalized error variance, i.e., σ̄2

ε , of 0.1 as a func-
tion of the SINR. In both figures, the solid line represents the Cramer Rao
Bound, the dashed one the analytic value derived in [18], and the dots the
simulated values under different impairments conditions. Under the ideal
case the link budget is calculated without impairments and is considered
as reference value, whereas in cases 1, 2, and 3 are introduced respectively
the uncertainties shown in Table 3.7, where combinations of the possible
uncertainties are considered.

The SNORE technique is also assessed in presence of impairments with
respect to its applicability in specific SatCom scenarios. Both evaluations in
the frequency domain for a specific Earth Terminal scanning the available
user bandwidth, and in the geographic domain considering a wide region
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Impairment Ideal case Case 1 Case 2 Case 3
Polarization Losses 0 0.5 0.5 0.5
(LPOL) [dB]
Pointing Losses 0 1 1 1
(LR) [dB]
Additional (G/T )ES 0 2 2 2
variation (∆2) [dB]
Additional atmospheric 0 0 5 10
attenuation (Ap) [dB]

TABLE 3.7: SNOIRED assessment in presence of impairments:
selected impairments cases of studies

covered by the satellite beam pattern, are performed. The followed ap-
proach is similar to the one considered in case of ideal conditions of the ETs
and database data are considered for comparison purposes. The estimation
capabilities of the terminal antenna under the different impairments listed
in Table 3.7, are assessed. These simulations aimed at describing how ac-
curate would be the estimation process for a fixed terminal antenna. The
analysis are carried out with respect data for Scenario 2.

In case of the frequency assessments of a fixed terminal, we consider
the portion of spectrum from 18.4 GHz to 18.8 GHz along which the es-
timation process is performed in carriers of 36 MHz. The FSS terminal is
positioned in 47.5N latitude and 19E longitude. The estimation process is
performed under the different impairments listed in Table 3.7, accumulat-
ing 1 and 10 pilot blocks of 36 symbols. In Figures 3.16a and 3.16b, the
results obtained are shown. As expected, in each band the SINR value esti-
mated is lower than the real value due to impairments that cause additional
losses. However, in case of high SINR values the estimated value even in
presence of impairments can be considered reliable while, otherwise, to ob-
tain the desired uncertainty target for lower values of the SINR, more pilot
blocks have to be accumulated. In fact, considering bands 5 and 6, it can
be noticed that in Figure 3.16a, i.e., in case of 1 pilot block is accumulated,
the estimated SINR in presence of impairments is similar to the real value,
whereas in Figure 3.16b, i.e., where 10 pilot blocks are considered, the esti-
mation is more accurate. Thus, an inappropriate estimation of the SINR in
presence of impairments causes a misunderstanding in detecting presence
of impairments or interference due to incumbent users.

In addition to frequency analysis, geographic assessments are performed
to evaluate the SINR estimation process within the beam coverage. Thus,
the area from 47N to 48N of latitude and from 19E to 20E of longitude is
considered. Real SINR values that Earth terminals experience within the
coverage, are presented in Figure 3.17. It can be noted the presence of a
directive incumbent link and of some incumbent-free regions. Figure 3.18
show results in the cases listed in Table 3.7 when performing the estimation
algorithm with 10 pilot blocks. Also the results obtained from geographic
simulations confirm link budget losses due to the presence of impairments
and a more reliable estimation due to longer observation periods. Percent-
ages of the SINR values estimated that differ from the real value more than
σ̄2
ε = 0.1, where the normalized error variance is the difference between

the real value and the estimated value under uncertainties conditions, are
shown in Table 3.8, where the results with 1 pilot block are also reported.
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(A) Number of pilot blocks - W = 5

(B) Number of pilot blocks - W = 20

FIGURE 3.14: SNOIRED assessment in presence of impairments: normalised
error variance as a function of the SNIR.

FIGURE 3.15: SNOIRED assessment in presence of impairments: minimum
number of pilots for a given target error variance
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(A) Number of pilot blocks - W = 1

(B) Number of pilot blocks - W = 10

FIGURE 3.16: SNOIRED assessment in presence of impairments: assessments
of the sensed spectrum.

FIGURE 3.17: SNOIRED assessment in presence of impairments: Real SINR
values along the selected geographic region
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(A) Number of pilot blocks - W = 1

(B) Number of pilot blocks - W = 10

FIGURE 3.18: SNOIRED assessment in presence of impairments: comparison
between estimated values.
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Case 1 pilot block 10 pilot blocks
Ideal case 0.48% 0.19%
Case 1 0.71% 0.56%
Case 2 2.42% 2.46%
Case 3 3.67% 3.71%

TABLE 3.8: SNOIRED assessment in presence of impairments:
geographic assessments results

Results show that in both cases impairments lead to a degradation of the
percentages of points correctly estimated. However, in presence of low im-
pairments losses as for the Ideal case and Case 1, longer estimations provide
more reliable estimations whereas in case of higher impairments losses the
estimated values do not satisfy the target reliability even in case of longer
sensing periods.

3.8 Concluding Remarks

A joint estimation and detection technique, named SNOIRED, is designed
for cognitive radio systems. The technique is based on the estimation of the
SINR levels and the detection of primary users, thus providing a complete
knowledge of the spectrum utilization in underlay cognitive scenarios. In
fact, the applicability of the proposed technique is particularly suited in
scenarios where the cognitive systems can coexist with the primary users
without creating an harmful interference to them. The technique prevents
the cognitive user to rely on additional hardware or to alternate transmis-
sion and sensing phases, which are common approaches in cognitive ra-
dios. An analytical description of the detector based on the SINR estimation
is provided and the decision threshold is subsequently derived. Receiver
operating characteristics plots and performance in terms of probabilities as
a function of the power levels of the primary and the cognitive users are
obtained both through Monte Carlo simulations and analytical computa-
tions. The numerical results perfectly match the theoretical analysis, sub-
stantiating the proposed algorithm. Moreover, a comparison between the
proposed technique and the energy detector shows that, in terms of prob-
ability of detection, the two approaches are similar. The technique, which
has been described from a general applicability point of view, is studied
in the cognitive-based SatCom scenarios under investigation. To evaluate
the spectrum opportunities in the considered scenarios, analysis in the fre-
quency and the geographic domain are carried out. The assessments pro-
vide knowledge of the opportunities for a selected user over the available
non exclusive spectrum and the opportunities over the same carrier along
the whole covered area, respectively. The application of the technique to
the proposed scenario is effective and provides good results either in terms
of knowledge of the estimated signal to noise plus interference ratio and of
interference detection. Notably, the proposed technique can be used along
with dynamic resource allocation to enhance the system throughput with
the exploitation of shared spectrum [9, 28] The results show that, for a se-
lected user, the levels of interference vary along the scanned bandwidths.
This results in a complete knowledge of the spectrum opportunities of each
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user. On the other side, the assessment in terms of geographic area eval-
uates the spectrum opportunities for the whole system. In fact, two main
outcomes are derived from these analysis. First, a wide geographical area,
as expected, can be reused and, secondly, the techniques provides good
results in terms of estimation and detection of the available spectrum op-
portunities. After introducing the SNORE based interference estimation
technique, that results particularly effective for the selected heterogeneous
terrestrial-satellite scenario, the presence if impairments is introduced. The
numerical results shows that the proposed techniques is robust even in the
case of the main impairments that may arise in the practical implementation
of the technique. However, a first calibration and set up during installation
are required. In fact, the presence of unknown interferences or impairments
that affect the link budget during the installation need to be distinguished.

3.9 Appendix

3.9.1 Appendix I

In this appendix we provide some guidelines to derive Eqs. (3.5) and (3.6)
from [71, Eqs. (20), (14)], respectively. For the sake of completeness, we
report these two latter equations hereinafter.

The Cramer-Rao-Bound (CRB), [71, eq. (20)], of the ML estimator is:

CRB =
4Ntot

(
2SN IR + SN IR2

)
(2Ntot − 3)2

(3.27)

while the variance of the estimated SNIR, [71, eq. (20)], is:

σ2
ε =

N2
tot

(
8SN IR2 + 16SN IR

)
+ Ntot (4 − 16SN IR) − 4

8N3
tot − 44N2

tot + 78Ntot − 45
(3.28)

Both are functions of the SINR and of the total number of symbols Ntot :

CRB = f (SI N R, Ntot ) (3.29)
σ2
ε = g (SI N R, Ntot ) (3.30)

The domain of both f (·) and g (·) with respect to Ntot given the SINR, is
the set of natural numbers N. However, without loss of generality, we can
simplify the problem relaxing Ntot to be continuous and, thus, extending
its domain to R+ −

{
3
2

}
and R+ −

{
3
2,

5
2

}
3, respectively. The images of (3.27)

and (3.28), i.e., the set of all values assumed by the CRB and σ2
ε , is R+. Un-

der this assumption, the partial derivatives of f (·) and g (·) with respect
to Ntot , which solutions are omitted due to the length of their expressions,
are polynomial since derivatives of polynomial functions as well. These
resulting derivatives are piecewise positive or negative in intervals limited
by zeros, which are rational and, thus, not of interest as solutions of Ntot in
case of real scenarios. Considering each interval separately, the functions
are continuous and strictly increasing or decreasing with no local maxima

3The roots of the denominator, which are not acceptable values of the domain, are
(
3
2

)
and

(
3
2,

5
2

)
for (3.27) and (3.28), respectively.
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or minima. As a consequence, within these intervals, f (·) and g (·) are in-
vertible and their inverse functions f −1 (·) and g−1 (·), which are unique for
the property of uniqueness, exist and can be derived thanks to the common
inversion rules. Thus, are valid:

Ntot = f −1 (SI N R,CRB) (3.31)
Ntot = g−1

(
SI N R, σ2

ε

)
(3.32)

and Eqs. (3.5) and (3.6) are derived.

3.9.2 Appendix II

In this appendix, the equations of Pf a and Pd defined in eqs. 3.7 and 3.8 are
demonstrated. The binary hard decision problem considered for the deriva-
tion of the proposed detector, foresees the detection of an interference signal
by means of the estimated signal to interference plus noise ratio γ̂ as output
of the observation space Z. From [75], Pf a and Pd are conditional proba-
bilities depending on the hypotesis H0 and H1, and are generally defined
as:

Pf a =

∫
Z1

pr̄ |H0

(
R̄|H0

)
dr̄ (3.33)

Pd =

∫
Z1

pr̄ |H1

(
R̄|H1

)
dr̄ (3.34)

where r̄ is the vector of the observations; Zi is the decision region for Hi;
and pr̄ |Hi

(
R̄|Hi

)
is the conditional probability density of r̄ conditioned by

Hi, with i either 0 or 1. In particular, Z0 represents the region in which we
decide for the interferer signal absence, while Z1 the one in which we decide
for the interference presence.

For our observation γ̂, γ̂ ∈ R+ and

γ̂ =



S
N0

if H0

S
N0+I0

= S
N0

(
I0
N0
+ 1

)−1
if H1

(3.35)

Since
(
I0
N0
+ 1

)−1
< 1 and γ̂ ∈ R+, it is possible to state that the decision

regions Z1 and Z0 are respectively [0, η] and [η,+∞], where η is the decision
threshold, which separates the two regions. In conclusion, eqs. (3.7) and
(3.8) are derived substituting Z1 in (3.33) and (3.34) with the corresponding
extremes of the integral and stating that the obtained equations are the con-
ditional probabilities Prob {γ̂ < η |H0} and Prob {γ̂ < η |H0}, by definition.

3.9.3 Appendix III - Review of the application of
Spectrum Awareness Techniques

In this appendix, a review of two of the main cognitive radio spectrum
sensing techniques proposed in literature, i.e., Energy Detection (ED) and
Cyclostationary Feature Detection (CFD), are assessed. Analysis with respect
to their adaptation into the considered SatCom scenarios are included in
order to verify their applicability.
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Energy Detection: An Energy Detector (ED) aims at detecting the pres-
ence of incumbent signals based on the energy estimated at the antenna in-
put of the cognitive terminal [62, 78]. It is a blind detection technique, as it
does not require a-priori knowledge on the incumbent signal, and therefore
has a general applicability in CR-based systems. However, it is highly sus-
ceptible to Signal-to-Noise Ratio (SNR) wall problem, that prevents from
achieving the desired target probabilities Pd or Pf a, as the uncertainty in
noise power estimation, ρN , can easily erroneously trigger the detection
[63]. We consider two different ED threshold selection approaches: i) Con-
stant False Alarm Probability (CFAR), in which Pf a is fixed and parameters
are set so as to reach the desired probability of detection; and ii) Constant
Detection Rate (CDR), where Pd is fixed and a target probability of false
alarm shall be reached. From [63], Pd and Pf a are given by (3.37) and (3.36),
respectively, where Q(·) is the Marcuum Q-function, ηthr is the detection
threshold, σ2

ε is the noise variance, Noss = 2BT is the number of observed
samples, and γ is the SNR at the end of the receiving RF chain i.e., it in-
cludes the RF chain noise. In our case, we have considered the SNR at the
end of the receiving RF chain including its noise contribution. A critical
parameter is the sensing (observation) time, Toss, related to Noss. With par-
ticular focus on the detection threshold ηthr , equations (3.39) and (3.38) rep-
resent the CFAR (Constant False Alarm Rate) and the CDR (Constant De-
tection Rate) approaches, respectively. The two different approaches target
a desired probability of false alarm or detection, while the other parameters
are set in order to satisfy the sensing phase requirements. These parame-
ters, in particular, affect the performance of the technique in the considered
scenario.

Pf a = Q
*..
,

ηthr − σ
2√

2
Noss

σ2

+//
-

(3.36)
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-
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,

√
2

Noss
Q−1(P̂d) + 1+

-
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Although, the energy detector is a blind spectrum sensing detection
technique that does not need any a priori knowledge of the incumbent sig-
nal and has general applicability, specific sensing characteristics have to be
set properly in the particular case of SatComs. As an example:

• the sensing time (or equivalently the samples that the receiver pro-
cesses). We should fix a minimum and a maximum sensing time.
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These bounds are related, respectively, to the time necessary to ob-
tain the desired probability of the detection and the fragmentation be-
tween cognitive spectrum sensing and the effective secondary trans-
mission;

• the typical cognitive station,i.e., the UTs, characteristics that influence
the energy detector such as noise power estimation, sensed band-
width, threshold, receiver chain, geographical positions and distance
from the incumbent user.

Assessments with respect to the specific SatCom scenario need to be
performed in order to evaluate the effectiveness of the technique. The pa-
rameters considered in the energy detector assessment are shown in Table
3.9. In case of the CFAR approach, the first relationship that has been con-
sidered is the probability of detection Pd as a function of the signal to noise
ratio when the desired probability of false alarm P̂f a and the sensing time
Toss are fixed (see Figure 3.19). This choice is also driven by the need to
detect an interfering signal whose power level, and, hence, the SNR at the
antenna input receiver, should not be greater than a known threshold. The
probability of detection is also a function of the sensing time and its be-
havior is evaluated in Figure 3.20. The minimum sensing time for a given
signal to noise ratio is addressed to guarantee for the fixed probability of
false alarm, the probability of detection that the detector requires. From
the cognitive station point of view, the observation time Toss and the band-
width BW , according to the ADC sampling frequency and other physical
architecture’s constraints, are set in the following way:

BWToss << 1 (3.40)
2BWToss = Noss (3.41)

where Noss is the number of observed samples, and the minimum sampling
frequency is equal to twice the bandwidth (Nyquist frequency). In fact it
is known [62] that a process, whose bandwidth BW is sensed for a period
equal to Toss, is nearly described by a set of 2TossBW samples. Hence if we
consider the baseband signal, these samples are obtained by sampling the
process every 1

2BW
. Nevertheless the SNR and the related minimum sensing

time could be also analytically derived from the following equation having
fixed the desired probability of false alarm and of detection

Nmin = 2
[Q−1(Pf a − Q

−1(Pd)(γ + 1)]2

γ2
(3.42)

In scenarios 1 and 2 the cognitive users have to detect an interference
signal themselves. Thus, it would be sufficient detecting a signal, whose
received power is equal to the maximum interference that the cognitive sta-
tion can tolerate. When this maximum interference level is present and
detected in the sensed band, the cognitive system should be able to de-
tect another spectrum hole in which the transmission could be provided.
Considering first a target probability of detection, we can refer to the CDR
threshold selection approach, which can be fixed according to the ratio of
the power of the signal to be detected and the noise. In the considered
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Data Value Name

Target Probability of false alarm 0.1 P̂f a

Target Probability of detection 0.9 P̂d

Sensing time 0.6 ms Toss

Detection threshold CFAR paradigm 1.0331 ηCFAR
thr

Detection threshold CDR paradigm 1.0636 ηCDR
thr

Sensed Bandwidth 5 MHz BW

Noise Uncertainty 0-2 dB ρN
Maximum long term interference over -10 dB I

N |t

noise (I/N) at FSS station antenna input

TABLE 3.9: Evaluation of ED technique in SatCom environment: system
parameters

scenario, the power to be detected is the interfering one for which a I/N
threshold is defined by regulations and requirements.

Thus, while the discussion and the previous results refer to the CFAR
methodology, having defined the I/N threshold, we can also take into ac-
count the CDR that would provide a constant probability of detection. Thanks
to this approach, we fix a target probability of detection and for a given
I/N threshold we can achieve the desired probability of detection for all
the values above this threshold. As a consequence, we guarantee with a
certain probability the detection of the incumbent user. However, we need
to achieve the target false alarm probability as a function of the sensing time
and similar considerations with respect to the CFAR case hold.

Despite of its simplicity and general applicability, the energy detector is
mainly affected by the SNR wall phenomenon that prevents us from achiev-
ing the desired probabilities [63]. This phenomenon is caused by the uncer-
tainty in noise power estimation and in case of a finite observation time the
desired probabilities cannot be guaranteed. In our case, we have to guaran-
tee that the SNR wall should be lower than the SNR needed for the detec-
tion of the minimum interfering incumbent signal. In fact, if the SNR wall
is higher we are not going to detect an interfering incumbent signal caus-
ing disruptive interference to the cognitive system. In [79] it is stated that 1
[dB] of uncertainty is equivalent to a variation from the noise temperature
of about 20◦K and the main causes on which it depends are: calibration er-
rors, thermal variations, changes in Low-Noise Amplifier (LNA) gain, and
interference. In our simulations, we consider the nominal noise variance
variable in the interval [1/ρN ; ρN ]σ2

n where σ2
n is the nominal noise vari-

ance and ρN > 1 the noise uncertainty. Besides the ideal behavior of the
detection technique, we show the results under noise uncertainty having
fixed σ2

n and varying the estimated noise at the receiver between this range
of values. In particular under noise uncertainty estimation a proper thresh-
old able to guarantee the desired false alarm P̂f a equal to 0.1 in the CFAR
approach, while a P̂d of 0.9 in the CDR is taken into account. The system
parameters used for the numerical results are listed Table 3.9.

From simulations for the CFAR approach, we can state that in low SNR
conditions the energy detector is strongly affected by the SNR wall effect.
In this case it is not possible to guarantee the detection with the desired
probability even with long sensing observation periods. Figure 3.19 shows



56 Chapter 3. Spectrum Awareness

FIGURE 3.19: Pd for given Pf a and sensing time Toss by varying the SNR
with different noise uncertainty levels in the CFAR approach.

the probability of detection as a function of the SNR for a given observation
time equal to 0.6 ms and a given false alarm probability equal to 0.1. In this
case the noise uncertainty worsens the probability of detection, hence in-
creasing the observation period should be a feasible solution. However,
as shown in Figure 3.20 also in this case the noise uncertainty will pre-
vent achieving the desired probability of detection. In particular, Figure
3.20 shows the probability of detection as a function of the sensing time
in the worst-case condition, i.e. when the power received is equal to the
interference threshold that is the minimum power signal level we must de-
tect, I/N = −10[dB]. Both in the ideal case and with low noise uncertainty,
ρN [dB] = 0.1[dB], the desired probability is achieved. Instead in the high
uncertainty case, ρN [dB] = 1[dB], an asymptote at 0.3 prevents to achieve
the desired probability of detection 0.9 even with long sensing periods.

The CDR methodology, which allows to fix the threshold for the energy
detector such that it guarantees the desired probability of detection for the
I/N threshold, has been also considered. Differently from the CFAR, in
this case we need to reach the target false alarm probability. Since the false
alarm probability depends only on the sensing time, we show in Figure
3.21 the guaranteed probability as a function of the sensing time. Since the
CDR methodology guarantees a certain detection probability target for all
the SNR values above a certain threshold, it is possible to avoid evaluation
for different values of the SNR. Simulations have shown that with a signal
under the threshold or in its absence the behavior is the same as the one
shown in the figure. Hence, thanks to the CDR methodology the algorithm
after a given sensing time is able to correctly decide for the absence of the
interferer while in the opposite case its detection is a priori guaranteed.
However also in this case the SNR wall phenomenon is present for strong
noise uncertainties introducing an asymptote at about 0.5 for the probabil-
ity of false alarm. It is possible to state that by fixing the threshold in both
CFAR and CDR, the noise uncertainty does not guarantee the desired prob-
abilities. In particular, by using CFAR and a given false alarm probability
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FIGURE 3.20: Pd for a given SNR equal to the I/N threshold (-10 dB) by
varying the sensing time Toss with different noise uncertainty levels in the

CFAR approach.

FIGURE 3.21: Pd for a given I/N threshold by varying the sensing time Toss

with different noise uncertainty levels in the CDR approach.

equal to 0.1, we can reach a detection probability higher than 0.9 if the sens-
ing time is about 0.3 ms or more. On the contrary, the CDR needs more the
same sensing time to guarantee a probability of false alarm of about 0.1 with
a desired probability of detection equal to 0.9 and the I/N threshold fixed at
- 10 dB at the antenna input as the worst case interference. Moreover, in the
simulations we have considered that the RF chain will introduce an addi-
tional noise contribution besides the noise uncertainties that it may cause.
All the noise contributions are considered into the equivalent system noise
temperature but we have to point out that in satellite receivers pointing to
the sky, noise levels are very low and small changes in the noise figure may
result in much more changes of the SNR. The first results are obtained in
an ideal case where no uncertainty in noise estimation is present. From the
numerical results, it is possible to state that, due to the given interference
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power levels, a reduced level of the noise uncertainty is needed in order
to achieve the target detection probability. If we consider the ideal case or
very small errors in estimating noise power, the choice between CFAR and
CDR is given by the trade-off in spectrum efficiency. If we want to exploit
unused incumbent user resources as much as possible even if an incumbent
user is present but not detected, the CFAR methodology would be preferred
rather than the CDR that guarantees the absence of the incumbent user but
not the exploitation of all the possible spectrum holes.

Cyclostationary Detection Another typical detection technique is Cyclo-
stationary Feature-based Detection (CDF). Differently from the ED, it ex-
ploits periodic features that could be present in the wireless communication
signals to be detected. These periodicities could be introduced by:

• Pilots, preambles, cyclic prefixes introduced in order to aid synchro-
nization or channel estimation;

• Coding

• Modulation schemes, symbol rate, frequency carries

A CFD technique allows to discern among different incumbent signals,
thus not only detecting whether they are present or not, but also distin-
guishing them from noise, which has no cyclic features. The SNR wall phe-
nomenon is not present, and the CFD provides good performance in low
SNR regimes. On the other hand, it is quite complex from a computational
point of view, as it requires the computation of the Fourier series of the au-
tocorrelation function of the incoming signal: this function presents peaks
in the frequency domain at multiples of some cyclic frequencies, which are
related to the built-in periodicity of the signal. By building the Spectral
Correlation Density (SCD) function, these second-order correlations can be
detected, thus allowing to discern among different type of signals and be-
tween incumbent signals and noise. The SCD Sαx ( f ) is given by equation
(3.46), where {Rαx (τ)}inf

− inf
are the Fourier series coefficients of the signal au-

tocorrelation function, α is the generic cyclic frequency, and x(t) is the in-
coming signal. A signal x(t) is considered wide sense second-order cyclo-
stationary if its temporal mean and autocorrelation functions are periodic
with period T0, see reference [80].

E[x(t)] = E[x(t − T0)] (3.43)
Rx (tau) = E[x(τ + T0)] (3.44)

It follows that the autocorrelation function is periodic and it can be ex-
pressed with a Fourier series [81].

Rx (t, τ) =
∑
α

Rαx (τ)e j2παt (3.45)

whose coefficients are the harmonics of the fundamental cyclic frequency
α0 equal to the inverse of the period T0 and Rαx (τ) is called Cyclic Auto-
correlation Function (CAF). Hence, a signal is said to be cyclostationary if
exist at least one cyclic frequency α , 0 such that Rαx (τ) , 0, i.e. a signal
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presents cyclostationarity if and only if the signal is correlated with certain
frequency shift of itself. On the contrary, a signal for which all the cyclic
frequencies α , 0 present Rαx (τ) = 0 is called purely stationary on the sec-
ond order. Therefore the knowledge of the cyclic frequencies that present
cyclostationary is fundamental in distinguishing the incumbent signal from
the noise. Cyclostationary features in the frequency domain are evaluated
from the Spectral Correlation Density (SCD) function as the Fourier trans-
form of the CAF. In the discrete time domain, the estimation of the SCD is
implemented by means of the FFT Accumulation Method (FAM).

Sαx ( f ) =
+ inf∑
τ=− inf

Rαx (τ)e−j2πα f (3.46)

I(α) = max
f
| Sαx ( f ) | (3.47)

For Scenario 1 and 2 where spectrum sensing seems to be feasible we
should take into account different features that would exhibit cyclostation-
arity and need to prove its detection feasibility. For example, in Scenario
2 where no a priori assumption on the incumbent signal structure is pos-
sible the only information that we should exploit to determine the signal
cyclostationarities is the incumbent modulation scheme. In fact it is known
that FS links generally operate with M-QAM modulations. For digital sig-
nals with symbol rate Bs and oversampling them at the receiver, the SCD
would present some cyclostationarities at m*Bs where m is an integer. On
the contrary, in scenario 1 where the structure of the incumbent signal is
well known, not only the cyclostationarities of the modulation scheme but
also its periodic patterns could be exploited. In the considered scenario, the
incumbent signal is a DVB-S2 like signal, and thus the following periodici-
ties can be detected: i) Start of Frame sequence, which is always present; ii)
pilot sequences, which are optional; and iii) different modcod schemes. In
particular, these periodicities can be detected by means of the cyclic profile
domain I(α), defined in (3.47) and which would present detectable peaks
for values of α , 0.

Also in case of the CDF technique, some analysis are carried out. The
signal, if present, will show peaks at all the multiple integers of the symbol
rate, which is considered as periodicity to be detected. Figure 3.22 shows
the frequency availability obtained with CFD with ρN = 0dB and target-
ing Pf a = 0.1. The results are also compared with the application to the
same scenario of the ED technique. Figure 3.23 shows the application of
the CFAR approach while scanning the available bandwidths as a function
of the sensing time. Noise uncertainty is also considered. It can be noticed
that the same sub-bands are identified as available. However, this detec-
tor requires longer observation periods to converge to the correct detection
(20ms compared to 4ms in the ED case). This confirms that the CFD needs
larger values of Toss, but it allows to distinguish the different type of in-
cumbent signals. Moreover, the CFD does not suffer from the SNR wall
phenomenon, and thus provides good performance at slow SNRs.

Thanks to the estimation of the presence of possible interferer by means
of its cyclostationary features it is also possible to discriminate between dif-
ferent Incumbent Users. However, in the SatCom scenario, the choice in
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using a cyclostationary based detector is mainly driven by its ability in op-
erating in low SNR environment. In fact, as explained in the case of the
energy detector, we have to detect both for scenario 1 and 2 an interferer
signal −10[dB] under the noise level. Its ability in distinguish a signal also
under low SNR conditions is due to the lack of cyclostationary features by
the noise, which is most of the time considered stationary. An additional
drawback is the required a priori knowledge of some periodicities built
within the signal to be detected.

FIGURE 3.22: CFD: frequency assessment
(ρN = 0 [dB], Pf a = 0.1).

FIGURE 3.23: ED-CFAR: frequency assessment
ρN = 0 [dB], Pf a = 0.01 above, Pf a = 0.1 below).
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Chapter 4

Spectrum Exploitation

4.1 Introduction and Rationale

Chapter 4 focusses on the application of spectrum exploitation techniques
aiming at system efficiency improvements. The application of cognitive
exploitation techniques in Scenario 1 and 2 of section 2.2, where different
systems coexist, are investigated. In addition, techniques for spectral ef-
ficiency improvements in spectrum limited scenario, e.g., Scenario 3, are
proposed. The analysis carried out for the third scenario, in particular, ad-
dresses flexible configurations of the available resources for L-band Mobile
Satellite Systems (MSS) as described in section 2.3.2.

An overall improvement is foreseen when proper techniques are de-
signed either in case of presence of other systems activities, i.e., Scenarios 1
and 2, or due to a limited availability of spectrum, i.e., Scenario 3. Regard-
less the scenario, what enables the improved exploitation of the spectrum
is the knowledge of the channel state. The knowledge of the spectrum ac-
tivities of the incumbent users is essential in CRs and it is usually based
on spectrum sensing techniques or databases queries [2]. Such knowledge
enables the following phases of the cognitive cycle to exploit the spectrum
opportunities. Thus, spectrum awareness techniques as the one proposed
in Chapter 3, are considered the baseline for exploitation purposes also in
case of the cognitive-based satellite system. In these scenarios, avoid mutu-
ally interference is the main objective for a correct and more efficient use of
the spectrum. As harmful interference is generated by the PUs against cog-
nitive users, techniques that avoid the exploitation of the same bands in the
vicinities of the PUs, are necessary. With this aim, two proposed carrier al-
location schemes are investigated in this chapter. On the contrary, the third
scenario, which does not foresee the coexistence of different systems in the
same spectrum, is affected by its limited availability with respect to the de-
manded rate and the common functioning of the system. Thus, it is shown
that a more efficient use of the spectrum is possible taking into account the
flexibility that the system can provide. In fact, a higher frequency reuse, up
to a Full Frequency Reuse (FFR), the joint exploitation of interference mit-
igation techniques, and system flexibility can provide higher performance
in terms of achievable throughput.

The state of the art of the resource management techniques in SatCom
environments and the motivations for the development of the proposed
techniques in the considered scenarios, is presented in 4.2. In 4.3, the pro-
posed carrier allocation techniques for Scenario 1 and 2 are described. The
system model and a brief resume of the scenarios taken into account for the
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evaluations is included in section 4.3.1, while the two techniques are de-
tailed in section 4.3.2 and section 4.3.3, respectively. Both analytical analysis
and simulations are included. In section 4.4, Scenario 3 is addressed. The
proposed framework that copes with the limited spectrum issue of the con-
sidered scenario, is included also providing a general mathematical formu-
lation of the problem. Following, several solutions and numerical results
are provided with respect to the considered case of studies. The impor-
tance of spectrum exploitation techniques aiming at an improved spectrum
efficiency, is also reported in the concluding remarks of 4.5, which resume,
in accordance with the three scenarios, the results obtained.

4.2 Motivation and State of the Art

The efficient use of the spectrum enables higher capacities that will comply
with the challenging demands of future markets. Either in case of systems
coexisting in the same bandwidth or in case of the exclusive use of the spec-
trum, which however is becoming limited, the main objective is to exploit
the available resources efficiently and according to the demands. In partic-
ular, Dynamic Spectrum Access (DSA) and Cognitive Radio (CR) exploita-
tion techniques are seen as major solutions in the former scenarios, whereas
higher frequency reuse for an improved spectral efficiency and interference
mitigation techniques are foreseen in the latter.

Several resource management techniques for SatComs, not related to
cognitive scenarios, have been taken into account in the last years. A de-
tailed review and analysis of optimization and cross-layer strategies for
satellite communications are presented in [82]. In [83] authors derive the
optimum power allocation for multibeam satellite downlink transmission
under total power constraints and different QoS requirements. Both capac-
ity maximization and proportional fairness among users are addressed. In
[84], results provided in [83] are extended with respect to minimum ser-
vice requirements. In addition, it is depicted and assessed the proposed
power allocation technique in a real scenario. With a particular focus on
power allocation, capacity maximization problems and the related algo-
rithms have been addressed in [85, 86, 87, 88] more recently. In particu-
lar, authors propose some algorithms to cope with power allocation and
capacity maximization problems. Also bandwidth [89] or beam [90] allo-
cation problems have been considered in literature. Generally, it is recog-
nized that these approaches can achieve significant improvements and can
efficiently use on-board resources assuring high Quality of Service (QoS)
levels to end users at the expense of higher complexity. On the other side,
resource management techniques have been widely addressed in case of
cognitive terrestrial scenarios, while few works cope with the coexistance
between terrestrial and satellite systems. Authors in [91, 92] depict a hy-
brid scenario in which the terrestrial system plays the role of the cognitive
user and propose for it a power allocation strategy. In particular, authors
in [92] develop a power allocation strategy by exploiting game theory for
uplink communications of terrestrial users communicating with the base
station, whereas in [91] authors consider a similar scenario while propos-
ing a power allocation strategy aiming at maximizing the rate of the terres-
trial link in the downlink case. Techniques for cognitive satellite systems
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have been recently presented in [66, 67, 93] in case of uplink and downlink
scenarios.

In scenarios where the satellite system act as cognitive user, i.e., Scenario
1 and 2, the exploitation for broadband downlinks toward the users of fre-
quencies not used by the PUs, is possible. As demonstrated in the previous
chapter, interference levels are unbalanced along the available user band-
width resulting in varying SINRs for the UTs. In these scenarios, an effec-
tive reuse of bandwidths non exploited by terrestrial systems, which are not
interfered by the satellite links, would be effective if a reliable transmission
can be provided to the cognitive users. Thus, in the considered underlay [3]
SatCom based cognitive scenarios, i.e., Scenario 1 and 2, optimize the Sat-
Com links allocation in order to avoid an harmful interference against the
unprotected satellite users is of main importance. To cope with the strong in-
terferences that can make spectrum unusable, it has been shown that carrier
allocation techniques, which allow users to be assigned to different carriers
along those available, are promising techniques to be investigated [66, 67,
93]. As shown in chapter 3, the spatial distribution of the PUs and the direc-
tivity of their links, generate strong interferences only in their vicinity and
make the SINRs levels of a selected user widely varying. Thus, spectrum
opportunities can be limited with respect to the whole considered spectrum
and vary from UT to UT, which need to be allocated in the proper carrier.
The proposed carrier allocation algorithms aim at scheduling the SatCom
users in the time-frequency domain according to their Quality of Service
(QoS) requirements and the spatial diversity caused by the presence of the
PU links.

The first proposed carrier allocation technique relies on a complete knowl-
edge of the channel status of the different carriers. Similarly to [93, 67,
66], the technique is based on the Hungarian Algorithm. However, the
proposed version of the algorithm takes into account Quality of Service
requirements of the users and investigates a power allocation strategy at
the transmitter. The technique requires complete knowledge of the inter-
fering levels in each carrier. However, in the considered scenarios, these
information can be redundant since can be identified zones with high spec-
trum opportunities and zones with lower ones. Thus, these information can
be minimized focussing in providing the only needed information, where,
especially in case of unknown or uncertain knowledge at the GW, wrong
information can affect the performance of the carrier allocation algorithm.
The second proposed carrier allocation technique is based on a genetic al-
gorithm, which relies on a reduced knowledge of the channel information
to be fed back at the GW. The algorithm relies on channel state information
from the users, which have direct knowledge of the environment. Assum-
ing that spectrum awareness is carried out autonomously by each ET, the
proposed algorithm, based on a genetic approach, allows a suitable and low
complexity solution by aiming at optimizing the carrier allocation of each
user also reducing the amount of information to be fed back to the Network
Control Center (NCC). Genetic algorithms (GA) are a family of algorithms
inspired by evolution, which can encode and solve optimization problems
by means of genetic-like structures [94, 95].

Contrary to Scenario 1 and 2, where the proposed techniques mainly
aim at avoiding inter-system interferences, in the third scenario the focus
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is put on the application of techniques that enable an higher spectral ef-
ficiency preventing intra-system interference. The followed approach, in
particular, has higher impact on limited spectrum scenarios as those con-
sidered in 2.3.2. The development of flexible configurations allows an effi-
cient assignment of the available spectrum with respect to the demanded
rates of the users. In particular, to counteract the issue of having a limited
spectrum that prevent the system to assign channels to all the users, higher
frequency reuse and interference mitigation techniques are exploited.

4.3 Cognitive Exploitation Techniques

4.3.1 System Model and Problem Formulation

Due to the similarities of Scenario 1 and 2, the proposed techniques take
into account the general applicability to either Scenario 1 or 2. However,
assessment of the two techniques are provided for Scenario 2, which is
here briefly resumed. We consider the heterogeneous scenario in which
terrestrial and satellite links share the same frequencies. The focus is on
the frequency interval in the Ka-band from 17.7 to 19.7 GHz, which has
been assigned to terrestrial FS and can be shared in a non exclusive way
with space-to-Earth satellite user links. With respect to the cognitive sys-
tem, we consider the multibeam satellite architecture described in section
2.1. We assume a number of beams equal to NB operating on the forward
link with a frequency reuse plan of four colors and able to exploit with a
specific SatNet the bands from 17.7 to 19.7 GHz. Thus, the total bandwidth
of the SatNet is divided in four sub-bands, each further divided in K car-
riers of 36 MHz each. In each carrier Time Division Multiplexing (TDM) is
considered to provide service to the users. The DVB-S2X standard [34], able
to allocate multiple users in adjacent time-frames thus providing efficient
broadband communications, is considered as the reference air interface for
the satellite links. For sake of simplicity, the analysis carried out takes into
account the allocation of N users in only one beam, without preventing the
extension to the overall system.

Extremely different spectrum opportunities may occur according to the
location of the Earth terminals, due to the directivity of the FS links and
their different bandwidths. This condition is even more evident in case
of SatComs because of the wide coverage of the beam, which is typically
thousands of square kilometers. Thus, users either in remote and urban
areas may be illuminated by the same beam giving rise to spatial diversity.
In addition, a power level unbalance between the two systems is present
since, in the considered underlay SatCom based cognitive scenario [3], the
interference against the incumbent users is limited and negligible due to the
emission limits defined in the Article S21 of the ITU Radio Regulations [48].
Thus, contrary to the limited impact that the satellite forward link has in
terms of harmful interference towards the terrestrial links, protecting the
satellite users from the harmful interference and their allocation in carriers
able to satisfy their demands is of main importance.

In the depicted scenarios, the focus resides on optimizing carrier alloca-
tion of each transmission for the capacity maximization based on twofold
requirements. On one hand, it is necessary to avoid the additional source of
interference that the incumbent systems introduce, and, on the other hand,
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to respect QoS requirements that each user has. To this aim, we consider
an on-demand assignment of the resources [31] and the need to respect a
minimum target QoS in terms of minimum signal to noise plus interference
ratio (SINR) for all the active users.

The SINR of the n-th user in the k-th carrier can be written as:

SINRnk =
Prx
nk

N0 + Ink
(4.1)

where i) Prx
nk

is the received power at the antenna input, ii) N0 the thermal
noise power of the terminal, and iii) Ink the overall interference suffered
by the user in that carrier. Due to the presence of several interference con-
tributions, Ink can be decomposed into several components, which include
i) the external interference generated by other systems transmitting in the
same carriers, IEX

nk
, ii) the co-channel interference generated by the same

k-th carriers reused in other beams, ICO
nk

, iii) the adjacent channel interfer-
ence caused by imperfect filtering, IAC

nk
, and iv) other interference contribu-

tions, Iother
nk

. The main source of interference, if present, can be IEX
nk

, which
corresponds to the transmission of the incumbent terrestrial links. IEX

nk
is

scenario dependent and the interference generated by incumbent FS ter-
restrial users can be calculated from the interference model ITU-P 452-15
[77]. In the following we will consider also the presence of ICO

nk
and IAC

nk
,

whereas Iother
nk

is considered as a negligible contribution for system evalu-
ations. Starting from these assumptions, the two proposed techniques de-
velop a framework that include the definition of an optimization problem
and strategies to solve it.

4.3.2 Hungarian Carrier Allocation and Waterfilling

Definition of the optimization problem

We assume that the satellite payload can use an amount of power equal to
Ptot , which has to be properly allocated in a per-beam and per-carrier basis
in order to satisfy the QoS requirements in terms of minimum SINR. Thus,
we should set a constraint on the total power Ptot available at the satellite
for transmission that has to be distributed among the NB beams and the K
carriers:

NB∑
b=1

K∑
k=1

Pb,k ≤ Ptot, (4.2)

and a constraint on the power allocated among the K carriers of the b-th
beam

K∑
k=1

Pb,k ≤ Pmax
b (4.3)

where Pmax
b

is the maximum power assigned to the b-th beam. Moreover,
the power allocated in the k-th carrier in the b-th beam is limited by the
saturation power level Psat :

Pb,k ≤ Psat (4.4)

In the following the subscript b will be omitted since the algorithm is per-
formed in a per beam basis.
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Assuming the knowledge of the SINRs experienced by the users from a
database or from a previous sensing operation [18], we aim at identifying
the carriers and the power levels that allow to maximize the total system ca-
pacity, and, at the same time, finding a compromise in satisfying the users’
QoS. Due to the frequency selectivity of the SatCom channels generated by
the presence of the incumbent users, the selection of a proper carrier has
a key role for maximizing the SINR level and, subsequently, the system
capacity. On the other hand, an efficient power allocation is fundamental
from a system point of view.

The total achievable system capacity Ctot can be expressed as the sum
of the capacities of the users Cuser

n [65]:

Ctot =

N∑
n=1

K∑
k=1

Cuser
nk

=

N∑
n=1

K∑
k=1

wnk
BK

Nk
log2

(
1 + SINRa

nk

)
=

N∑
n=1

K∑
k=1

wnk
BK

Nk
log2

(
1 +

Pnk |hnk |
2

N0 + Ink

)
(4.5)

where i) BK is the total bandwidth per carrier, ii) K the number of carri-
ers, iii) Nk the number of users allocated in the k-th carrier, iv) wnk ∈ {0, 1}
defines the allocation in the k-th carrier of the n-th user, and v) SINRa

nk is
the signal to noise plus interference ratio of the n-th user in the k-th as-
signed carrier, and the Shannon formula is considered. The SINRa

nk is also
affected by the variability of the received power, Prx

nk
, that corresponds to

the product of the satellite transmitted power Pk and the channel coeffi-
cient |hnk |

2, which includes the transmitter and receiver antenna gains and
the free space and atmospheric losses.

In order to correctly formulate the optimization problem, we need also
to define i) the matrix SN×K whose elements SINRnk represent the SINR
level of the n-th user along the k-th carrier in which they can be allocated,
ii) WN×K as the matrix composed by wnk , iii) QN×1 as the vector composed
by the minimum SINR values to be guaranteed for each user, i.e., Qmin

n ,
iv) the vector PN×1, which includes the transmission power associated to
the users, v) Sa = | |S ◦W| |1 as the vector of the SINR values experienced
by users in the assigned carriers i.e., SINRa

nk , and vi) Ta
N×1, a vector whose

elements indicate the slot assigned to the n-th users.
The maximization of the total system capacity Ctot is considered as the

objective function of the optimization problem that should also respect the
constraints above. Thus, taking into account the quantities introduced pre-
viously and the system constraints, the overall problem formulation can be
outlined as:
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TABLE 4.1: Joint carrier and power allocation technique: system
reference parameters symbols.

Parameter Symbol
Number of beams NB

Number of carriers K
Number of Users N
Number of Users allocated per carrier NU

Beam Index b
Carrier Index k
User Index n
Signal to noise plus interference ratio SI N Rn,k

Minimum SINR Qmin
n

Total System Transmission Power Ptot

Beam Transmission Power Pmax
b

Carrier Transmission Power Pk

Carrier Received Power Prx
nk

Carrier Saturation Power Psat

Channel Gain |hnk |2

Noise Power N0

Co-channel Interference Power Density ICO
nk

Adjacent Interference Power Density IAC
nk

External Interference Power Density IEX
nk

Other Contribution Interference Power Density Iother
nk

User Capacity Cuser
n

Total Capacity Ctot

Total Beam Bandwidth B
Allocation Index wnk

max
wnk,Pk

{Ctot } (4.6)

subject to
K∑
k=1

wnk = 1, wnk ∈WN×K (4.7)

K∑
k=1

Pk ≤ Pmax (4.8)

Pnk ≤ Psat, Pnk ∈ PN×1 (4.9)

SINRa
nk ≥ Qmin

n , Qmin
n ∈ QN×1 (4.10)

where we aim at finding the allocation matrix W, and the power vector P
that allow to maximize the system capacity. In particular, (4.7) indicates
that the n-th user can be allocated in only one carrier, (4.8) and (4.9) refer
respectively to power constraints at beam and carrier level, whereas (4.10)
takes into account the minimum value of the SINR to be guaranteed to the
n-th user with respect to its QoS requirement.

The formulated problem is a mixed non linear programming optimiza-
tion problem with multiple constraints [96, 97], which is NP-hard and for
which an heuristic algorithm based on a two-step approach is proposed. All
the parameters included in the mathematical formulation are also included
in Table 4.1.
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Proposed Technique

Due to the complexity of the optimization problem we resort to a two steps
approach that separately solves the optimization problem under the con-
straints (4.7) and (4.10) at the first step, and further solves the power con-
straints (4.8) and (4.9). The proposed solution assigns the same number of
users to each carrier, which corresponds to NU = | |W| |∞

1.

1) Carrier Allocation: The first step of the algorithm aims at allocating
users in the carrier characterized by the highest SINR experienced by each
user and minimizing the overall external interference. This problem can be
solved optimally with a polynomial complexity by means of the Hungarian
algorithm. However, the algorithm assumes that no more than one user per
carrier can be assigned corresponding to the additional constraint:

N∑
n=1

wnk ≤ 1 k = 1, .., K (4.11)

In case of K equal to N , the problem is known as Assignment Problem
[97]. Only K users can be allocated at the same time and, therefore, in case
of a grater number of users with respect to the number of carriers, these lat-
ter have to be shared by exploiting Time Division Multiplexing (TDM). In
this case, it is possible to resort to the algorithm proposed in [98], which is
efficiently implemented for solving the Assignment Problem in case of rect-
angular matrices where N , K and (4.11) is no more respected. Thus, per-
forming iteratively NU times the Hungarian algorithm, at each iteration K
users are allocated until all the users are assigned. The algorithm allocates
NU users in each carrier and aims at maximizing the profit, i.e., the average
SINR of the overall system.

Nevertheless, the algorithm does not prevent a user to be allocated in
a carrier, that does not satisfy the constraint introduced in (4.7). Therefore,
in order to avoid this issue, the algorithm is constrained to not choose such
carriers. To do this, we introduce a modified version of the matrix S, i.e., Ŝ,
whose SINRnk elements not satisfying the constraint in (4.10) are associated
to a null profit. This modification defines “Step 0” of the algorithm. Follow-
ing, the application of the Hungarian algorithm will assign proper carriers
to each user avoiding those that not satisfy the QoS constraint.

2) Power Allocation: As output of the modified Hungarian algorithm ap-
plied to the matrix Ŝ, we have that a specific carrier and time slot is assigned
to each user. Due to the frequency-selectivity of the fading channels and
considering independent channels, we aim in this second stage of the algo-
rithm at balancing the available power in each carrier and time slot in order
to maximize the overall system capacity with respect to the SINRs that the
users experience in the carriers. The problem under power constraints (4.8)
and (4.9) can be solved by means of the waterfilling process [65]. The op-
timal power allocation, derived by applying the Lagrangian multipliers

1The norm | |W| |∞ is constant only if N is a multiple of K , otherwise we assume that the
users per carriers differ no more than one from NU .
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method, in the k-th carrier is:

Pk

Pmax
=




1
γ0
− 1
γk
, if γk ≥ γ0

0, if γk ≤ γ0

(4.12)

where γ0 is the cut-off value and γk the SINR of the k-th user assuming that
all the available power Pmax is assigned to it. In particular the cut-off value
can be calculated as

1

γ0
=

1

K

K∑
k=1

1

γk
(4.13)

The waterfilling allows to maximize the capacity by increasing power
and data rates when the channel conditions are favorable and decreasing
them conversely. Therefore, in case of a limited amount of total power per
beam, some carriers may be switched off due to the impossibility of provid-
ing the amount of required power. We assume, without loss of generality,
that the total power per beam available is sufficient to be distributed among
all the carriers fulfilling the minimum Qmin

n . In this case, the waterfilling
aims at equalizing the power of the carriers in order to refine the capacity
maximization.

The joint carrier and power allocation algorithm is represented in Algo-
rithm 1 where the initialization step, Step 0, the carrier allocation, Step 1,
and the power allocation, Step 2, are highlighted.

Algorithm 1 Carrier and Power Allocation

Input: S, Q, Pmax

Output: W, P
Initialize: Sa,Ta ← 0; Ŝ← S
STEP 0: Modified S matrix. All the carriers in which the QoS is not satis-
fied are forced to have null profit.
for n = 1 : N do

if {Snk }Kk=1 < Qn then
Ŝnk ← 0

end if
end for
STEP 1: Hungarian Algorithm. Allocate users in carriers that provides
maximum average SINR w.r.t. Ŝ.
Ta,W ←Modified Hungarian{Ŝ}
SaN×1 ← ||S ◦W| |1
STEP 2: Waterfilling Algorithm. Provide an equalization among the car-
riers.
for j = 1 : NU do
P←Waterfilling{Sa ∗ (Ta == j) , Pmax}

end for
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FIGURE 4.1: Scenario 2: interference density power
levels in the considered region.

Numerical Results

Numerical analysis of the proposed technique are assessed according to the
Scenario 2 presented in section 2.1. The area taken into account for evalu-
ations consists of the region between 47◦N to 47.8◦N of latitude and 18.8◦E
to 19.6◦E of longitude, corresponding to a portion of Hungary in which
multiple incumbent users are present and occupy different carriers along
the spectrum portions. Analysis on the interference generated by the FS
incumbent users against FSS Earth terminals have been carried out in [22]
considering the ITU-R Recommendation P.452 propagation model [77]. The
performance of the proposed algorithm are evaluated in a scenario where
the two systems share the bandwidth from 18.4 GHz to 18.8 GHz. Taking
into account the grid points with an external interference generated by the
incumbent users, a spectrum occupancy, in terms of [Hz/Km2], of about
30% occurs 2. An example of the spectrum occupancy is given in Figure 4.1
where the aggregated power density levels of the FS links within the car-
rier centered in 18.418 GHz are shown. Further, we assume that a GEO
multibeam cognitive satellite system positioned in 13◦E of longitude covers
Europe with a frequency reuse factor of four colors, and that the selected
region is illuminated by one beam having a bandwidth of 400 MHz. The
sub-band is divided in 11 carriers of 36 MHz each, which are assigned to
users for service provision. Each carrier is further divided in time slots,
each of them assigned to a user according to the output of the proposed
algorithm.

The parameters used for system evaluation are listed in Table 4.2. Dif-
ferent levels of the total power available per beam Pmax and a saturated
power level per carrier Psat

k
fixed at 55W are considered. With respect to

users’ demands, three different values of Qmin
n to be guaranteed are ran-

domly assigned from a selection of chosen values. These values are set to
-2, 5 and 8 dB, which are the lowest values associated to the lowest rate of
QPSK, 8PSK, and 16APSK modulations, in order to have Quasi Error Free
in AWGN conditions in case of DVB-S2X communications [34].

2Spectrum occupancy is defined as the area for which a INR above −10 dB is present.
The limit is derived by Recommendation ITU-R S.1432-1 [76].
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TABLE 4.2: Joint carrier and power allocation
technique: System reference parameters.

Parameter Value
Region of interest, latitude 47◦N to 47.8◦N

Region of interest, longitude 18.8◦E to 19.6◦E
GEO satellite longitude 13◦E

Pmax 200, 400, 610 W
Psat
k

55 W
Qmin
n {−2, 5, 8} dB

Spectrum occupancy 30%

Frequency range (GHz) [18.4, 18.8]

Beam sub-bandwidth 400 MHz
Carrier bandwidth BW 36 MHz
Number of carriers K 11

Number of Active Users N From 11 to 110

The histograms in Figure 4.2 provide a comparison between different
techniques in terms of total capacity Ctot (4.5). In particular, a random as-
signment of carriers with equal power allocation, a carrier assignment by
mean of the Hungarian algorithm together with equal power allocation,
and the proposed joint Hungarian and Waterfilling approach are evaluated
under the same scenario. For the sake of completeness, the obtained results
are also compared with the maximum achievable capacity considering each
user allocated in the most favorable carrier. Considering a number of users
equal to N = 11 and N = 110 in each figure, the total capacity achieved
by the techniques in case of values of available maximum power per beam
Pmax equal to 200 W and 610 W are showed. As expected, the Hungarian
algorithm allows to avoid interfered carriers and outperforms the random
assignment, which does not consider the presence of interfered carriers.
The advantage of considering also the Waterfilling approach is confirmed
in case of a high number of users but limited available power as in case of
N = 110 in the left figure. In this case, an higher total capacity is achieved
due to the better exploitation of the power.

In Figure 4.3, the Cumulative Density Function (CDF) of the average ca-
pacity of the users is showed. The figures, provide a comparison between
the application of the only Hungarian algorithm, the application of the pro-
posed joint carrier and power allocation, and the achievable maximum in
different markers. In particular, the results obtained in case of N = 11 and
Pmax equal to 200 W and 610 W, and those in case of N = 110 for the same
available powers, are showed in the left and the right figure, respectively.
It can be noticed that the effect of the waterfilling is remarkable when the
number of users is high and the available power is low. Indeed, in case of a
higher available power the two approaches achieve a similar capacity.

In Figure 4.4 the CDF of the SINRs of the users is assessed. In particular,
the left figure and the one on the right show the CDFs of the SINR values
of the whole allocated users for which the required QoS is guaranteed, and
those achieved by specific users, respectively. Both the figures consider a
maximum power Pmax equal to 400W sufficient for serving all the users.
QoS constraints are guaranteed even in case of the highest SINR constraint.
Moreover, in case of a higher number of users, it further seems the algo-
rithm better allocates the users. Analysis on specific users, i.e, User1, User2,
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FIGURE 4.2: Joint carrier and power allocation
technique: achieved total system capacity.

(A) Case 1: N = 11 (B) Case 2: N = 110

FIGURE 4.3: Joint carrier and power allocation technique: CDF - Average
users capacity. Pmax = 200W (figures above) and Pmax = 610W (figures below).

and User3 for which location and QoS are specified in Table 4.3, demon-
strate that QoSs are guaranteed but different values of SINR are achieved
depending on the number of users N , their requirements, and the scenario.

Due to the limited availability of free carriers and the fact that users
are randomly chosen from the selected area, in Figure 4.5 the CDF of the
percentage of users effectively allocated respecting their QoS constraint is
shown. The results obtained in case of a total power Pmax equal to 400 W
and 610 W are showed. The overall number of allocated users N is equal to
110 but the minimum SINR may not be guaranteed to the whole set of users
which may achieve lower values due to the limited amount of resources.
Thus, not all the users, which require a higher QoS, can be satisfied in case
of limited power. On the contrary, those users with lower QoS can be easily
satisfied and are in both cases allocated by the algorithm, which fails only
if the user is strongly interfered and does not have available carriers.
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TABLE 4.3: Joint carrier and power allocation
technique: Specific Users reference parameters.

Parameter User1 User2 User3
Location - latitude 47.38 47.38 47.60
Location - longitude 19.36 19.22 19.41
QoS [dB] -2 5 8
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4.3.3 Genetic Algorithm for scheduling

Distributed carrier selection and centralized carrier allocation

A new system level cognitive exploitation framework, which considers a
distributed carrier selection and a centralized carrier allocation, is proposed.
We assume that the ETs are able to autonomously select the best transmis-
sion parameters with respect to the sensed environment conditions. This
choice is driven by the fact that the ETs are directly facing with the changes
of the environment and their service demands. The autonomous selection
is done after the sensing phase, that can be performed, e.g., by exploiting
the technique introduced in chapter 3 that allows to estimate the interfer-
ence level at the ET side. Moreover, it is a general assumption to consider a
complete knowledge of the status of the channels at the central entity. How-
ever, in case of cognitive based SatComs, where spatial diversity raises, this
approach may be redundant and not necessary. Thus, it is possible to limit
the amount of information that each user has to provide to the NCC.

The set of information that the m-th user has to feed back to the NCC for
performing the proposed centralized scheduling algorithm, includes i) the
selected carrier k, i.e., the one with the highest signal to noise plus interfer-
ence ratio (SINR), ii) the MODCOD associated to the SINR γkm estimated
in the selected carrier k, iii) a minimum number of time slots Nm to be re-
served to the user according to the required rate R̂m, and iv) the availability
in changing the carrier, identified by the parameter tm. These parameters,
necessary to perform the proposed algorithm, are introduced in following
together with the mathematical problem formulation of the problem and of
the proposed solution.

Thus, we assume that the ETs feed back by means of the return chan-
nel to the NCC the set of defined information. Then, the NCC is in charge
of elaborating the received information in order to identify the allocation
scheme in the time/frequency domain that satisfies demands and serve all
the requesting users. To do this, a carrier assignment and user schedul-
ing procedure with the aim of minimizing the difference between the de-
manded and provided user data rates, is considered. To this aim our pro-
posal is to resort to a GA based scheduling algorithm, which is particularly
suited to solve optimization problems starting from a potential solution and
iteratively modifying it, seeking a better one.

Problem Formulation and Proposed Solution

1) Problem Formulation Following a similar approach to the previous
problem, a new optimization problem in accordance with those solved be
Genetic Algorithms, is defined. The problem can be formulated as:

min
M∑
m=1

K∑
k=1

(
R̂m − Rkm

)
(4.14)

s.t .
K∑
k=1

wkm = 1, wmk ∈WK×M (4.15)

Rkm ≥ R̂m, R̂m ∈ R1×M,∀k (4.16)
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where i) R̂m is the target rate of the m-th user, ii) Rkm is the rate that the
satellite system provides to the m-th user in the k-th carrier, iii) wkm is an
element of the allocation matrix WK×M , equal to one if the m-th user is
allocated in the k-th carrier, and iv) R1×M is the vector of the QoS require-
ments in terms of minimum data rate. The difference between the target
and the achieved rate per user is considered as the objective function of the
optimization problem. The constraints are (4.15), which represents the ca-
pability of the system to allocate the user in only one carrier, and (4.16), the
QoS constraint on the minimum rate per user.

Due to the time-frequency duality [86], we can achieve the same rate
either allocating users in multiple carriers or in adjacent time slots. Broad-
band satellite systems consider time division multiplexing (TDM) and allo-
cate the whole available bandwidth of the carrier to the users. According to
the frame structure of the DVB-S2X and the allocation of bursts in variable
size [31], it is possible to flexibly allocate time slots to each user regardless
the total number of slots in each carrier. Hence, we assume that a number
of multiple adjacent time slots equal to Nm can be assigned to the m-th user
according to its QoS requirements. On the other hand, by considering a
total number of time slots Nmax in each frame, it is possible to define the
achieved rate Rkm on the k-th channel by the m-th user and its requested
rate R̂m as:

Rkm = BW
Nm

Ntot,k
ηkm (4.17)

R̂m = BW
Nm

Nmax
ηm (4.18)

where i) BW is the total bandwidth per carrier, ii) Nm are the slots assigned
to the m-th user, iii) Ntot,k is the sum of all the slots of the users allocated
in the k-th carrier, i.e.,

∑M
m=1 wkmNkm, iv) Nmax is the maximum number of

available slots in each carrier, and v) ηkm is the spectral efficiency of the
MODCOD of the DVB-S2X standard associated to the m-th user and se-
lected according to the estimated signal to noise plus interference ratio.
Subsequently, the sum-rate achieved in the k-th carrier is equal to:

RT
k =

M∑
m=1

wkmRkm, ∀k, (4.19)

whereas the sum-rate of the total system is calculated as sum of the rates
achieved in all the carriers:

RS =

K∑
k=1

RT
k . (4.20)

With reference to the problem previously formulated, we can define the
set of information that the ETs have to select and to feed back to the NCC.
Thus, each ET, which has sensed the spectrum and estimated the SINR in
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all the available carriers, selects the desired transmission parameters as:

k = arg max
k

{γkm} (4.21)

ηkm = f (γkm)DVB−S2X (4.22)

Nm =



R̂mNmax

BWηkm


(4.23)

where the carrier index k is selected according to the maximum estimated
SINR γkm, the spectral efficiency ηkm of the MODCOD is derived from the
DVB-S2X standard as a function of the estimated SINR, and the number
of slots Nm as the minimum integer number of slots that satisfies the de-
manded rate (4.18). Finally, the parameter expressing the availability of
the user in changing the selected carrier, which is necessary to perform the
proposed algorithm, is included and defined as:

tm =



− logb

{
maxk {γkm }−γ̂m

maxk {γkm }
+ 1

b

}
if tm > 0

0 if tm ≤ 0
(4.24)

where γ̂m is the average signal to noise plus interference ratio along the
sensed carriers, and b the base of the logarithm, which identifies the value
ξ = 1 − 1/b that allows to separate the users available to change the car-
rier from those who have not availability in other carriers apart from that
already chosen. Thus, for users that have similar SINRs along the carriers,
tm will tend to 1 highlighting that they can be moved in other carriers with-
out losing in performance, whereas, getting tm close to zero corresponds to
have few carriers available and to be prone to remain in the one selected.

2) Proposed Genetic Based Solution The proposed solution is inspired by
GAs, which are adaptive, flexible, and low complexity heuristic search algo-
rithms robust against changing environments [95]. GAs have basic features
that can be exploited in various applications through slight modifications
[94]. The structure of the proposed genetic algorithm for carrier allocation
is presented in Algorithm 2 and is designed according to the basic structure
of GAs.

As a first step, the carrier allocation algorithm takes into account the
carriers autonomously selected and fed back to the NCC with the other pa-
rameters by the ETs. This first step, in which the NCC just allocates the
carriers based on the requests of the users, is also used as a benchmark
comparison in the following Section, where numerical results are provided.
Subsequently, the NCC searches for the best solution with respect to a de-
fined fitness function FT in the search space, i.e., the set of feasible solutions.
According to the formulated problem, the fitness function is defined as:

FT =
M∑
m=1

K∑
k=1

(
R̂m − Rkm

)
. (4.25)

We associate the following terminology of GAs with the variables of the
proposed problem: i) the population is a possible allocation of W ii) a chro-
mosome, which is a set of genes and constitutes the population, is the vector
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containing the users allocated in the same carrier, and iii) a gene is the pair
user and its assigned carrier. The proposed carrier allocation algorithm is
inspired by GAs since it is a common assumption to identify the chromo-
some as a string of bits and, therefore, it is possible to map the rows of the
matrix W, which identifies the population, as chromosomes. On the other
hand, the common genetic operations performed by the algorithm are i) se-
lection of genes evaluating the fitness function of each, ii) recombination
of the chromosomes that contains the selected genes to breed new chromo-
somes, which may be better than their parents, and iii) mutation, which
is not considered in the proposed algorithm and alters genes for avoiding
stagnation in local optima.

In the proposed algorithm, the selection of the gene, i.e., the m-th user
to be reallocated at each iteration of the loop, takes place according to:

m = arg max
m

{
tm

(
R̂m − Rm

)}
(4.26)

where the argument of the maximum function represent the product of the
availability of the user to change the carrier and the difference between the
achieved rate and the one demanded. This corresponds to maximize the
tradeoff between the availability of changing the carrier versus the advan-
tage in terms of increased data rate.

Subsequently, recombination between the carrier, i.e., the chromosome
in which the selected gene is, and the one that offers maximum availability
in terms of time slots, is performed. Since the selection of the gene is ex-
ecuted deterministically according to (4.26), a mechanisms that avoids the
selection of the same user at each iteration should be considered. It has
been chosen to reduce the parameter tm by β, which is a value a priori set
to make the gene less attractive during the selection phase. Thus, for the se-
lected gene the availability value at the next iteration becomes t ′m = tm − β.
Finally, we consider as end condition the satisfaction of all the users or, in
case this can not be possible, a maximum number of iteration Nmax

I .

Algorithm 2 Proposed Genetic Algorithm

Input: (k, tm, ηkm, Nm) ∀m
Output: W
STEP 1: Initialization. Derivation of a feasible solution (population) from
the autonomous selection of the parameters performed by the users.
STEP 2: Evaluation of the defined fitness function FT .
loop

STEP 3: Generation of a new population repeating the
following steps:

3a: Selection of the user (gene) and the carrier
(chromosome) available for recombination,
3b: Recombination (cross-over) of the selected
gene and chromosome to generate a new solution,
3c: Availability parameter reduction,
3d: Evaluate the new population,

STEP 4: Test the end condition. End if satisfied.
end loop.
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TABLE 4.4: Genetic algorithm: system
and scenario reference parameters.

System Parameter Value
Illuminated Area 7800[Km2]

Frequency 18-18.5 GHz
Number of carriers K 11

Lsat 13 degE
Air Interface DVB-S2X

Carrier Bandwidth BW 36 MHz
Number of users M From 10 to 100

Target Rate R̂m From 1 Mbps to 15 Mbps
FSS antenna pattern ITU-R S.465-6 [99]
FS antenna pattern ITU-R F.699-7 [50]

Algorithm Parameter Value
Nmax
I

100
b 10
β 0.5

Numerical Results

In this section we discuss the numerical results of the proposed algorithm in
order to demonstrate its feasibility with respect to the considered cognitive
based SatCom scenario. With respect to the cognitive system, M users are
placed randomly in the selected area and different QoS requirements in
terms of minimum rate to be guaranteed are assigned. Thus, assessments as
function of the number of users and their demands are taken into account.
With respect to the total capacity of the satellite system, we consider three
different study cases. In particular, a low, a medium, and a high load in
terms of number of users and rates are taken into account.

As in case of the previous analysis, the same system and scenario are
taken into consideration. The M users placed in an area of about 7800[Km2]
at mid latitudes, are illuminated by the same beam. Thus, the sub-band
from 18 to 18.5 GHz, which is allocated to the beam, results in a number of
carriers K with a bandwidth of 36 MHz each, equal to 11.

On the other hand, the FS transmitters are randomly placed according
to a Poisson Point Process (PPP) in the same area of the ETs, while their
azimuth angles are uniformly distributed. The ITU-R F.699-7 [50] antenna
pattern is considered for the FS links and the carriers occupied by the FSs
and their bandwidths are uniformly distributed between tens to hundreds
Megahertz. According to the proposed scenario, we define as spectrum
availability the percentage of available carriers in terms of Hz

Km2 and we use
this parameter to evaluate the performance of the proposed algorithm. Its
opposite is defined as spectrum occupancy, and we assume as occupied those
carriers in which an harmful interference against the ETs is present. To de-
termine if an interferer is harmful, the ITU Recommendation ITU-R S.1432-
1 [76] defines reference values of interference to noise ratio (I/N) related to
the maximum allowable error performance and availability degradations of
digital satellite paths to be respected. The selected I/N threshold is equal
to -10 dB. The parameters used for the system assessment are listed in Ta-
ble 4.4.

The Figure 4.6a and 4.6b represent the cumulative density function (CDF)
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FIGURE 4.6: Genetic algorithm: CDF of the fitness function FT
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FIGURE 4.7: Genetic algorithm: users assessments

of the fitness function FT in case of medium and high user loads, respec-
tively. The figures compare the results obtained in case of the autonomous
selection, with dashed lines, and after having performed the proposed al-
gorithm, with solid lines, of the fitness function FT . As a reminder, the
autonomous selection foresees the assignment of the carriers based only
on the user requests without any optimization, as performed by the GA
based carrier allocation. Different markers highlight the results obtained in
case of different environmental conditions, for which different percentages
of spectrum occupancy, listed in Table 4.5, are considered. With respect to
both the figures, we can state that the proposed algorithm achieves better,
i.e., with lower values of the fitness function. Moreover, in case of the non
optimized assignment, FT can assume positive values for highly interfered
scenarios. This result, as confirmed in the following, shows that not all the
users are able to achieve the desired rate according to the autonomous car-
rier selection, even if each ET has selected its best carrier. With respect to
the total number of users, it can be further noticed that the fitness function
is increasing for an increasing user load. In fact, the opportunity to serve all
the users with the requested rate becomes more difficult in case of a higher
number of total users, i.e., higher user loads.

According to the results obtained for the fitness function, assessments
on the average number of served users are carried out in Figure 4.7. In
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TABLE 4.5: Genetic algorithm: spectrum
occupancy reference parameters.

Parameter Average number of FSs Spectrum Occupancy
I1 38.7 47.8%
I2 15.5 24.0%
I3 3.8 6.6%
I4 0.8 1.3%

Figure 4.7a the percentage of the average number of users correctly allo-
cated, i.e., users having the minimum rate constraint satisfied, by the non
optimized and the GA based scheduling are compared. On the other hand,
Figure 4.7b shows the percentage of users that do not have to change the
autonomously selected carrier performing the proposed genetic algorithm
and compares it to the total number of users allocated. In both figures,
the increasing number of users that can be allocated on average is depend-
ing on the spectrum availability of the scenario. In fact, users may have
no carriers available for transmission in case of highly interfered scenar-
ios, whereas all the users have at least one carrier in which they can be
scheduled, reaching a 100% availability. In Figure 4.7a, solid lines repre-
sent the application of the GA, while dashed lines stand for the results ob-
tained with the autonomous assignment. The difference between the two
approaches is less noticeable in case of low user loads. In fact, both the
spectrum occupancy and the total number of users influences how users
are scheduled due to the limited number of resources. The effectiveness
of the algorithm can be highlighted, since it always schedules correctly a
higher number of users, especially in case of medium and high user loads,
contrary to the carrier allocation based on the autonomous selection. For
the sake of completeness, in Figure 4.7b the average number of users that
have not to change the carrier, is assessed (dashed lines) and compared
with the total (solid lines). Three different behaviors of the algorithm can
be noted according to the spectrum availability in both the figures of Fig-
ure 4.7. First, in highly interfered scenarios a smaller number of users can
be allocated and do not have to change the carrier from those chosen by
the ETs, due to the limited number of available spectrum opportunities.
Second, in partially interfered environments we have more recombinations
due to a higher number of carriers in which users that not achieve the re-
quired rate can be reallocated, while, in case of more spectrum opportuni-
ties, users achieve the demanded rate without being reallocated.

Finally, we performed an analysis on the average number of iterations
that the algorithm has to perform in order to schedule the users. In Fig-
ure 4.8, the average number of iterations is showed as a function of the
spectrum availability and for different user loads, represented with differ-
ent markers. The results show that the number of iterations is an increasing
function of the total demand. Considering a fixed user load, it can be no-
ticed that the algorithm in case of limited spectrum opportunities performs
a limited number of iterations due to the impossibility in allocating highly
interfered users, whereas, for scenarios with a high availability, a very low
number of iterations achieves a good schedule of the users due to the high
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FIGURE 4.8: Genetic algorithm: average number of iterations

percentage of free spectrum. The highest number of iteration occurs in par-
tial interfered scenarios where better performance can be achieved recom-
bining the users in new carriers.

4.4 Exploitation in spectrum limited scenarios

The high flexibility typically incorporated in the considered mobile satellite
payload (see section 2.3), which performs on-board beamforming and allo-
cates users in orthogonal channels according to the available bandwidth
and processing capability, can already offer several degrees of freedom.
On the other side, L-band systems are mainly affected by an unbalanced
service demand with respect to the wide coverage area of the system. In
such scenarios, even the channelization of the available spectrum and a not
fixed deployment of the channels with respect to a specific frequency reuse,
which allow the system to add channels where needed, may not deal with
the demanded rate.

In the following sections, we propose a new strategy to cope with the
depicted issue in mobile satellite systems operating in L-band. These new
solutions jointly exploit the flexible payload and precoding techniques, for
which the feasibility has been already proved in Ka-band systems [11, 12,
13, 14, 15], in order to achieve a better use of the overall available resources
and better performance. In particular, violating the principle of not reusing
the same color among adjacent beams and exploiting partial or Full Fre-
quency Reuse (FFR), the concept of beams becomes irrelevant and all the
resources that previously were restricted to be assigned within the respec-
tive beam are now gathered and flexibly exploited in a specific area.

With particular interest to the hot spots scenario [100] (also described in
2.2), the proposed strategy foresees the definition of several zones within
the hot spot area to whom channels are assigned according to the availabil-
ity of the spectrum and a desired configuration. The configuration, in par-
ticular, defines how the channels are allocated among the zones and how
precoding techniques are applied to reduce the interference introduced by
the higher frequency reuse. The definition of different configurations aims
at enabling an even more flexible use of the resources and achieving gain in
terms of overall capacity in the selected scenario.
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4.4.1 System Flexibility

The concept of beam and of frequency reuse have been introduced aiming
at improving the isolation level, and thus reduce the co-channel interfer-
ence, of multi beams satellite payloads. Each beam illuminates a specific
geographic area and serves the users within it. In case of full frequency
reuse, this one-to-one relationship between beams and users can be dis-
placed. The generalization of the concept of beam implies that resources
from the payload can be associated to any users irrespectively to their loca-
tion. Avoiding the boundaries of the standard coverage of the beam, users
are no more related to a specific beam. Thus, resources of the adjacent
beams can be in principle allocated to users, especially those in the bor-
ders, that have limited resources from the respective beam. This approach
can overcome the power and spectrum congestion problem, which affects
particular areas in which the assigned beam has limited resources available
with respect the demand. These areas, which are located in few beams with
respect to the whole coverage since a not uniform distribution is present
along the wide coverage of the satellite, are called HOT SPOTS. Although
the system already achieves high levels of flexibility, the objective of this
section is to identify if and in which scenarios, precoding can provide addi-
tional advantages in case of resource-limited scenarios.

In Figure 4.9, a basic resource-limited scenario is represented. In this
scenario, six users are located within two beams, which, however, have
only 2 available channels each (4 orthogonal channels in total). In the fig-
ures, the green area represents the standard coverage of the beam, whereas
the yellow line the extended area that can be considered if the concept of
beam is removed. The red and grey stars are the users served and those
not, respectively. Of course, TDM (Time Division Multiplexing) can be con-
sidered in order to allow also the grey users to be served. However, the
example here provided, shows the advantages of the different approaches
regardless the time. In fact, precoding can provide gain due to the wider
bandwidth exploited “in parallel”. The reference configuration with one-to-
one relationship between beams and users; the one with flexible exploita-
tion of the resources from adjacent beams; and the one in which precoding
is applied; are showed. In particular, in the first configuration, only two
users in Beam 1 and one in Beam 2 can be served. In the second configu-
ration, since some users of Beam 1 are at the border, the adjacent Beam 2,
which has an available channel, can serve them. However, only one of them
can exploit resources from Beam 2, which has only one channel still avail-
able. In the precoded configuration it is possible to precode two users to-
gether in the same channel (precoding can transmit the same channel from
the two beams). Thus, three couples of users in three different channels are
allocated also saving an additional channel. Considering the precoded flex-
ible configuration, several configurations, which foresee the exploitation of
mixed configurations of precoded and non precoded channels, can be also
developed.

Starting from this simple example, different scenarios in which precod-
ing can provide an additional gain, are considered. In particular, this exam-
ple is based on the limited availability of channels. However, the system
can be limited either in terms of power or available spectrum. With par-
ticular focus on power and spectrum limited scenarios, the objective of the
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FIGURE 4.9: Spectrum limited scenario: example of sistem flexibility application

next section is to evaluate the gain provided by precoding configurations in
areas, i.e., clusters with a limited number of beams, with limited resources
availability. In case of high demand over an area covered approximately
to only one beam, which, however, does not have sufficient resources, the
six adjacent beams can be exploited as already showed in the example. The
considered cluster of 7 beams will be the reference scenario in which the
different configurations are assessed. With HOT SPOT we refer to the cen-
tral beam, i.e., the beam, which has higher demand with respect to the other
beams and for which the adjacent beams provide additional resources.

In the considered hot spot scenario3, the reference configuration (refer to
2.3.2) achieves the best performance assuming only the central beam active
while the others are switched off. According to the proposed configuration,
the assignment of all the available channels in the central beam guarantees
that all the UTs are served by the actual beam that illuminates the users’ lo-
cation. In this configuration the frequency reuse factor is maintained since
the 6 adjacent beams are off. Assuming an orthogonal available bandwidth
Bort
w , this can be divided in Nort

ch
orthogonal channels with bandwidth Bw

equal to 200 KHz each. On the other side, the processor capability on the
payload limits the total number of channels Nch that can be processed and
assigned in the hot spot. When Nort

ch
< Nch, the maximum number of chan-

nels that can be assigned by the system in the hot spot is equal to Nort
ch

.
This limitation, however, can be overcome with a higher frequency reuse

and the application of precoding techniques enabling the other beams to il-
luminate the hot spot and exploiting spatial diversity. Toward this, new
configurations are here proposed. Allowing the adjacent beams to provide
resources advantageously to the demands of the hot spot, each user is il-
luminated by all the beams, in theory. Thus, the concept of beam, which
was limiting the resource allocation is now removed. In contrast, their al-
location based on the demands of specific areas is taken into account. The
selected area, in particular, can be separated in different zones. The strat-
egy proposed for the considered scenario, is to divide the hot spot, i.e, the
central beam, in 7 zones. This approach takes into account the definition of
an outer R and of an inner r radius. In particular, the former is fixed to be
the radius that limits the standard 3 dB coverage of the beam, whereas the
latter can be varied. In Figure 2.10b, a graphical representation of how the
zones are selected is provided. The different colors and the indexes repre-
sent the zones. Specifically, the central zone, i.e., zone 4, is defined as the
area for which the module of channel coefficient from the central beam of

3where it is assumed that all the active users of the hot spot are limited within the central
beam coverage,
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the cluster is equal or higher than a value a-priori fixed hr . Consequently,
the external zones are the areas limited between r , which is function of the
selected hr , and R. Thus, the module of the channel coefficient from the
central beam is lower than hr in the external zones. The choice of selecting
the zones with respect to the channel coefficients can take place at the GW
after each user has fed back the channel coefficients. According to the def-
inition of zones based on hr , the higher the value of hr the wider the inner
area will be.

Having replaced the notion of beams in the reference configuration with
zones in the flexible configuration, we can assign the same orthogonal chan-
nel to more users within the hot spot assuming that these users are in dif-
ferent zones since associated to different beams. The same channel can be
reused k times, up to 7 as the number of beams that contribute to illuminate
the hot spot. To cope with the increased level of co-channel interference suf-
fered by the users, interference management techniques can be exploited.
In particular, linear precoding techniques are here applied on a per channel
basis. With this strategy that avoids the constraints posed by the reference
configuration, the number of channels that can be assigned to the central
beam, which now is illuminated by all the beams of the selected cluster, is
no more limited by Nort

ch
but Nch. The additional gain is foreseen due to

the flexible allocation of a wider bandwidth. Thus, new configurations can
be defined with the following approach: i) define hr and the zones within
the hot spot; ii) assign to the zones the Nch available channels according a
specific criterion; iii) exploit precoding in case the same channel is used in
multiple zones.

4.4.2 Mathematical Formulation

The system performance needs to be analyzed according to the new defined
configurations. The total system capacity depends on several parameters
and can achieve different points within the capacity region [100]. From a
theoretical point of view, each channel can be considered separately. Thus,
the capacity of each link is computed taking into account the maximum
achievable rate at the receiver. However, the rates of the users are strictly
affected by the access scheme of the assigned channel. With access scheme we
refer to channels that can be either orthogonal or reused in several zones
and precoded. Different rates, which are represented with Cort and Cpr re-
spectively, are achieved because of the different interference environment.

Thus, the configuration and the access scheme of each channel affect the
achievable sum rate capacity Ctot . According to a general formulation, we
define for the proposed configuration a number y of channels that are or-
thogonal and can not be reused, and a number x of orthogonal channels that
are reused k times. Ctot is then calculated by considering the aggregation
of each user capacity. The sum, which takes into account both orthogonal
and precoded channels, is expressed as:

Ctot =

kx∑
i

Cpr,i +

y∑
i

Cort,i (4.27)

Considering the Shannon formula, the achievable rate of the i-th user
in case of orthogonal or precoded channels, respectively Cort,i and Cpr,i, is



4.4. Exploitation in spectrum limited scenarios 85

defined as:

Cort,i = Bwlog2(1 + |hi j |2Pi) (4.28)

Cpr,i = Bwlog2
*
,
1 +

|hiui |
2Pi

1 +
∑k

j,i |hiuj |
2Pj

+
-

(4.29)

where Bw is the channel bandwidth, hi j the channel coefficient from the
j-th beam to the i-th user, Pi the power allocated to the user, hi and ui the
channel coefficients and precoding weights vectors of the i-th user, respec-
tively. In the proposed formulation, the noise power is assumed normal-
ized. It is assumed that no or negligible co-channel interference from the
beams outside the considered cluster occurs and, thus, for the users allo-
cated in the orthogonal channels no co-channel interference occurs.

In addition, the sum rate Ctot is strictly related to the number of chan-
nels. These are subject to a limited spectrum availability and at the same
time to a limited process capability. Respectively, we obtain

x + y ≤ Nort
ch (4.30)

k x + y ≤ Nch (4.31)

where (4.30), assumes a maximum bandwidth Bort
w and consequently a

maximum number of orthogonal channels Nort
ch

due to the channel granu-
larity of 200 K Hz, whereas (4.31) restricts the total number of channels to
be no more than Nch.

The power allocated to each user is considered equal for all of them.
Thus, the power per channel per beam allocated to each user, with respect
to the total power P, is proportional to the number of active channels:

Pi[dB] = P[dB] − 10 log10(k x + y) (4.32)

Thanks to the proposed formulation, for each configuration the achiev-
able sum rate, which depends on k, x, and y and the access scheme of each
user, can be calculated. Finding the optimum configuration based on the
definition of an objective function as the sum rate maximization, however,
is not a trivial task. In fact, due to the several constraints and dependency,
the problem is a Mixed-Integer Non Linear Programming (MINLP) opti-
mization problem [101], which are known to be NP-hard problems that in-
volve both continuous and integer variables and both linear and non linear
functions. Moreover, finding the optimal solution with respect to all the pa-
rameters that are involved is out of scope. In fact, the analysis aims at giving
the general formulation of the achievable rates in accordance with the pro-
posed scheme strategies, and a possible framework to define new configu-
rations with respect to k, x, and y for a better exploitation of the available
resources of the system with respect to the hot spot scenario.

In the following, we propose a more pragmatic approach to the prob-
lem. Assuming uniform user distribution within the hot spot, k, x, and y

can be fixed in order to have a uniform number of channels with respect to
the area of the zone. In fact, selecting the inner radius r such as the 7 zones
have approximately an equal area, the same number of channels per zone
should be considered. Driven by this general assumption, specific configu-
rations are derived and investigated fixing k, x, and y with respect to Nort

ch
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(A) Reference configuration (B) FFR configuration

FIGURE 4.10: Spectrum limited scenario: 7 MHz
Scenario - configurations

and Nch. Thus, without considering a global optimization of the configu-
ration with respect to all the variables but under general and reasonable
assumptions, adequate configurations can be identified. In the following,
these configurations are presented and assessed with respect to the consid-
ered scenarios.

4.4.3 Proposed configurations and numerical Results

The analysis is carried out with respect two different scenarios in terms of
spectrum availability and for different power constraints. For both scenar-
ios, different configurations are proposed and assessed. The same cluster
of 7 adjacent beams selected within the whole coverage is taken into ac-
count. For sake of simplicity, any additional interfering contribution from
the external beams and payload non linear distortions contribution have
been set equal to 17 dB. The main parameters used for the assessment and
link budget calculation are also resumed in Table 4.6.

The assessment of the proposed configurations includes the evaluation
of the average total capacity Ctot of equation (4.1). The users are selected
randomly within the different zones and associated to the channels. Their
capacities are subsequently computed according to equations (4.28) and
(4.29) and the access scheme considered for each zone. The total power P
and the parameters k, x, and y are derived after having defined the specific
configuration in relation to the scenario assessed. Linear unicast UpConst
MMSE (Minimum Mean Square Error) precoding [14] is taken into account
in case of channels that are reused among the zones.

7 MHz scenario

The first scenario considers an available bandwidth of 7 MHz, which is the
maximum allocated spectrum portion in some regions. In this scenario and
according the reference configuration, the best performance are achieved al-
locating all the orthogonal channels, which are 35, in the central beam. The
orthogonal channels can be assigned to any user within the coverage of the
hot spot. In case of precoded beams, the other beams are reused up to a
frequency reuse of 1. In case of FFR, to each beam are assigned 35 channels
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TABLE 4.6: Spectrum limited scenario: simulation parameters.

Parameter Value
Frequency f0 1.6 GHz
Channel Bandwidth Bw 200 KHz
Maximum EIRP per spot beam 67 [dBW]
Additional link budget 17 [dBW]
interference contribution
Antenna gain to noise temperature Grx/T −13.5 [dB]

Free Space Loss LFLS

(
4πd f0

c

)2
Channel coefficient hi j

√
Gt x

i j

LFSLkBw

Gr x
T

TABLE 4.7: Spectrum limited scenario: configuration parameters
resume in the 7 MHz scenario

Parameter Reference FFR
k 0 7
x 0 35
y 35 0

resulting in 245 total channels. In particular, 7 users from the 7 different
zones, which are derived selecting a desired hr , are precoded together in
the same channel over the beams of the cluster. The two assessed config-
urations are called reference and FFR and are represented in Figure 4.10a
and 4.10b, respectively. In the figure, the allocated channels and the respec-
tive beams are represented in green. The parameters that characterize the
configurations, are also reported in Table 4.7.

For the 7 MHz scenario, we assess the performance in terms of total av-
erage capacity of the hot spot for different values of power and as a function
of the dimension of the zones. In Figure 4.11, the total capacity is showed
as a function of the inner radius r normalized with respect to the radius of
the standard coverage R. The blue solid lines represent the reference configu-
ration, for which different markers are used for the different values of total
EIRP. Since a fair comparison in terms of equal power for both the configu-
ration has to be guaranteed scaling the power per channel accordingly, two
different values of total EIRP are considered. The FFR configuration is rep-
resented with dashed and solid lines in the case of without and with the
application of precoding, respectively. Markers and colors represent differ-
ent EIRPs.

The results show that the zone selection slightly affects the performance
of the FFR configuration. On the other hand, it does not affect the reference
configuration for which, the users are always selected within the whole cov-
erage of the central beam. The increased capacity in case of a higher central
zone is due to the fact that precoded users are selected from zone which
are far from each other and closer to the adjacent beam that serves that spe-
cific zone. However, it has to be noted that, reducing the external zones,
a lower number of users to be served is present if a uniform distribution
is considered. This results in a higher user throughput unbalance between
the users in the external and the central zones. As expected, an increasing
power provides higher capacities in case of FFR with a proportional higher
gain with respect to the reference configuration.
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FIGURE 4.11: Spectrum limited scenario: total capacity as
function of r/R in the 7 MHz scenario.

41 MHz scenario

In this second scenario, we assume that the available spectrum is equal to
41 MHz, which is the maximum available from a regulatory point of view.
Since we had assumed that the payload does not have any data processing
constraint, all the available spectrum can be assigned to the central beam
resulting in 205 orthogonal channels. As for the previous scenario, this con-
figuration is considered the reference one. Considering FFR, the six adja-
cent beams can be reused. However, due to the limitation of 630 maximum
channels that can be processed by the payload, only 90 orthogonal chan-
nels can be exploited. In this configuration, only 18 MHz are occupied with
respect to the 41 MHz available. These two configurations are represented
in Figure 4.12. In a further scenario (Figure 4.13), in order to occupy all the
available spectrum and exploit all the Nch channels, we assign orthogonal
channels in the central zone whereas we exploit a two color reuse among
the six external zones, resulting in three co-channel zones. In this configu-
ration, precoding can be applied to the co-channel zones in order to avoid
interference, which can be present due to the lower frequency reuse.

(A) Reference configuration (B) FFR configuration

FIGURE 4.12: Spectrum limited scenario: 41 MHz
Scenario - configurations
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FIGURE 4.13: Spectrum limited scenario: 41 MHz Scenario -
Mixort configuration

In Figure 4.13, the proposed configuration is depicted where different
colors represent the co-channel zones. The beam indexes refer to Figure
2.10b and the coloring is chosen to maintain symmetry. In this first analysis,
which assumes uniform distribution of the users within the hot spot, we
divide the hot spot in zones with equal area and, consequently, we assign an
equal number of channels to them. In Table 4.8 the parameters of the three
proposed configurations are also reported. We compare the total capacity
achieved by the proposed configurations for different powers and a fixed
radius of the central zone, which is chosen to have equal areas of the zones.
The results are showed in Figure 4.14.

FIGURE 4.14: Spectrum limited scenario: total capacity as
function of total EIRP in the 41 MHz scenario.

TABLE 4.8: Spectrum limited scenario: configuration parameters
resume in the 41MHz scenario

Parameter Reference FFR MixOrt MixOrt
w/o precoding w precoding

k 0 7 3 3
x 0 90 136 136
y 205 0 68 68
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TABLE 4.9: Spectrum limited scenario: gain with respect to the
reference configuration

Total EIRP [dBW] FFR MixOrt MixOrt
w/o precoding w precoding

63.89 dBW -37.98% 20.61% 39.81%
67 dBW -34.64% 22.96% 62.10%

The results show that the FFR configuration does not provide gain with
respect to the reference configuration. This is mainly due to the limitation
in the occupied spectrum, which is reduced from 41 MHz to 18 MHz. In
this scenario, in fact, the FFR is not fully exploited and the precoded con-
figuration does not provide a similar gain as in the 7 MHz scenario. On
the contrary, the proposed configuration, which exploits both all the avail-
able spectrum and a higher frequency reuse, achieves good results. Both
when precoding is used or not, the total capacity is higher than the capacity
achieved by the reference configuration. The gain with respect to the reference
configuration in percentage is presented in Table 4.9.

4.4.4 Specific User Analysis

In this section results with respect to specific users and their performance
are presented. The analysis includes the evaluation of all the configurations
considered for the 41 MHz. The central cluster with a fixed radius of the
central zone for which the r/R ratio equals 0.34 is considered. Total EIRP is
fixed in order to have 15 dB of SNR in the center of the beam.

Simulations have been performed in order to assess the performance of
a single user. This specific user is a priori selected according its location
(the grid points). In case of precoded channels, the other users are selected
randomly in the other zones according to the configuration under assess-
ment. Then, the average SINR, SNR, CIR, and capacity of the specific user
are assessed. In each simulation, the specific user is selected according a
fixed trajectory. As an example, having fixed the longitude and varying the
latitude or vice versa. In Figure 4.15, the grid points that have been eval-
uated are showed. The grid points belong to the central beam coverage of
the central cluster and the different colors represent the 7 zones.

The following figures show the results obtained for the different config-
urations as a function of the distance from the center of the selected beam.
The x axis approximately represents the distance between the center of the
beam and the points that are assessed. Each grid point is 0.5 degree both in
latitude and longitude. However, the distance in Km of two points that dif-
fer in longitude from the same angle in degrees depends on the latitude, in
case of the latitude it is possible to state the 0.5 degrees are approximately 50
Km regardless the longitude considered. Thus, the analysis here proposed,
takes into account grid points for a fixed longitude and varying latitude.

In Figure 4.16, Figure 4.17, Figure 4.18, and Figure 4.19 are showed the
figure of merits of the Reference, the FFR in the hot spot, the FFR in the
standard coverage, and the MixOrt configurations, respectively. Per each
configuration, the SINR (top left), the capacity (top right), the SNR (bottom
left), and the CIR (bottom right) are represented. The non precoded and
precoded values are both represented for the configurations that foresee
precoded channels in black and red solid lines, respectively. The obtained
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FIGURE 4.15: Hot Spot scenario: selected user analysis. Grid
points from which the users are selected.

results confirm those concerning the total capacity of the previous sections.
However, it has to be noted that applying precoding can provide for the hot
spot worst results than the non precoded scenario. In particular, users in the
central zone achieve worst SINR in both the FFR and Mix configurations.
This results can be due to the ill conditioned channel matrix from which
the precoding matrix is calculated. The ill conditioned channel matrix is
due to the considered beam pattern, which can affect the performance of
precoding.

(A) SNIR (B) SNR

(C) Capacity

FIGURE 4.16: Spectrum limited scenario: reference configuration
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(A) SNIR (B) SNR

(C) CIR (D) Capacity

FIGURE 4.17: Spectrum limited scenario: FFR hot spot configuration

(A) SNIR (B) SNR

(C) CIR (D) Capacity

FIGURE 4.18: Spectrum limited scenario: FFR standard configuration
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(A) SNIR (B) SNR

(C) CIR (D) Capacity

FIGURE 4.19: Spectrum limited scenario: Mixort configuration

4.4.5 Spectral Efficiency Analysis

Regardless the scenario in which performance of precoding techniques are
evaluated, an effective metric to assess the gain they provide, is the spec-
tral efficiency. Considering the Shannon capacity formula, the spectral effi-
ciency achieved by each user is calculated as

η = log2(1 + SI N R) (4.33)

and it is expressed in [bit/s/Hz]. On the other side, the total spectral ef-
ficiency of the system is equivalent to the ratio between the total capacity
and the user bandwidth and represents the average spectral efficiency of the
system. Thus, by means of the spectral efficiency metric would be possible
to compare the different configurations regardless the effective bandwidth
utilization. Moreover, the spectral efficiency is only dependent on the SINR
of the users. Thus, it also provides an indication on how precoding per-
forms.

In Table 4.10, the average spectral efficiencies achieved by the different
configurations in the 41 MHz scenario are reported. The two different total
EIRPs considered for the numerical analysis are both included. The config-
urations proposed for the 7 MHz scenario achieve similar results if same to-
tal power is considered. This confirms that the same configuration, e.g., the
FFR configuration in the hot spot scenario, will provide the same spectrum
efficiency regardless the spectrum utilization. As can be noted, the spec-
tral efficiency in case of the FFR configuration is higher than the reference
configuration. This demonstrates that the FFR exploits better the available
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bandwidth and that the lower total capacity is due to the limited spectrum
exploited (18 MHz against 41 MHz for the FFR and reference configuration,
respectively). In addition, the results show how the user selection impacts
the performance of precoding techniques. In fact, the spectral efficiency of
the FFR in the hot spot and in the standard configuration differ.

TABLE 4.10: Spectrum limited scenario: spectral efficiency η analysis

Configuration EIRP = 63.11 dBW EIRP = 67 dBW
w/o precoding w precoding w/o precoding w precoding

Reference 3.99 4.72
FFR Hot Spot - 5.63 - 7.02
FFR Standard 7.9 11.57 8.9 15.7

Mix+Ort 4.83 5.6 5.8 7.65

4.4.6 Analysis on Precoding Bounds

In this section, the different performance of precoding techniques according
to the considered scenarios are discussed. It has been shown in the results of
Table 4.10 that, on average, different gains are obtained in case of different
scenarios even with the same configuration, e.g., the FFR configuration with
standard selection of the users from the beams versus the selection from the
zones of the hot spot scenario.

The application of precoding techniques, as shown in the following, is
mainly affected by the channel matrix, i.e., the channel signatures of the
users that are selected and precoded together. In this context, users are se-
lected randomly within the area of interest. Some criteria for user selection
should be considered. However, they are usually referred to the scheduling
part of the system and, thus, they will not considered in the following.

Considering the general formulation of the SINR of the i-th user

SI N Ri =
Pi |hiui |

2

1 +
∑

j,i Pj |hiuj |2
(4.34)

where Pi is the power allocated, hi the vector of the channel signatures,
and ui the vector of precoding weights of the i-th user. We assume that the
columns of the precoding matrix have unitary norm. Thus, the total power
constraint

∑N
i=1 Pi = Ptot is satisfied.

By definition, we can reformulate the SNR as

|hiui |
2 = | |hi | |

2 | |ui | |
2 | cos(θ(hi, ui)) |2 (4.35)

where | | · | | is the 2-norm operator and θ (hi, ui) is the angle between the
two vectors and the absolute value of its cosine assumes values between 0
if orthogonal and 1 if the vectors are parallel. Taking into account this last
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formulation, the i-th user SINR can also be reformulated as

SI N Ri =
Pi |hiui |

2

1 +
∑

j,i Pj |hiuj |2
= (4.36)

=
Pi (| |hi | | | |ui | | | cos(θ(hi, ui)) |)2

1 +
∑

j,i Pj

(
| |hi | | | |ui | | | cos(θ(hi, uj)) |

)2
= (4.37)

=
Pi | |hi | |

2 | cos(θ(hi, ui)) |2

1 +
∑

j,i Pj | |hi | |2 | cos(θ(hi, uj)) |2
(4.38)

where the norm of the precoding matrix columns have been simplified.
From the latter formulation, | cos(θ(hi, ui)) | and | cos(θ(hi, uj)) | can be inter-
preted as the SNR reduction and the amount of interference that has not
been cancelled out by the application of precoding, respectively.

As a consequence, in order to evaluate the performance of precoding is
necessary to define a metric able to describe either the reduction of the SNR
and the interfering contribution, which has not been cancelled out with re-
spect to the selected channel matrix and the precoding matrix derived.

In the numerical assessments, the considered technique [14] assigns to
each user equal power, Pi = P, and applies constraints on the maximum
level of EIRP per channel per beam. For sake of simplicity, the same as-
sumptions are made in the following. According to the previous assump-
tion, the SINR of the i-th user simplifies in

SI N Ri =
| |hi | |

2 | cos(θ(hi, ui)) |2

1 +
∑

j,i | |hi | |2 | cos(θ(hi, uj)) |2
(4.39)

=
| cos(θ(hi, ui)) |2

1
| |hi | |2

+
∑

j,i | cos(θ(hi, uj)) |2
(4.40)

Taking into account the SNR, |hiui |2, the maximum achievable SNR is
achieved if and only if the cosine is one. Thus, ui and hi need to be linearly
dependent, i.e., one of the vector’s magnitudes is zero or one is a scalar
multiple of the other. Thus, this translates into

ui =
hi
∗

| |hi | |
(4.41)

which means that the rows of the precoding matrix U are the transpose
conjugate of the normalized rows of H.

On the contrary, in order to have null interference, i.e.,
∑

j,i |hiuj |
2 =

0, all the elements |hiuj |2 need to be 0 since sum of positive elements or,
equivalently, the cosine of their angles θ(hi, uj) ∀ j , i to be 90·.∑

j,i

|hiuj |
2 = 0 ∀ j , i (4.42)

Thus, |hiuj |2 = 0 if and only if the two vectors are orthogonal. Considering
hi ⊥ uj ∀ j , i implies that U is calculated as the inverse or (pseudo-inverse
in case of rectangular matrices) of the channel matrix

U = H† =
(
H∗H

)−1H∗ (4.43)
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and its columns are normalized such as

ui =
ui
| |ui | |

(4.44)

The considered approach is exactly Zero-Forcing (ZF) precoding.
Both maximum SNR and null interference are, therefore, achieved if the

matrix H is unitary, i.e., HH∗ = H∗H = I. This translates into H∗ = H−1 and
both maximum SNR and null interference are achieved. On the contrary,
for matrices non unitary and closer to singularity either a reduction of the
SNR and an increment of the interference are foreseen taking into account
the two approaches described.

The condition number of a matrix A could be a good metric for mea-
suring the level of singularity of a matrix. In fact, a unitary matrix has all
the eigenvalues on the unitary circle, thus, with module equal to 1, while
are increasing when approaching singular matrices. From its definition, the
condition number of the matrix equals to

κ(A) = | |A| |p | |A−1 | |p (4.45)

where | | · | |p is the p-th norm of the matrix A.
Contrary to Single User MIMO (SU-MIMO) in which a relationship be-

tween condition number of the channel matrix and the user capacity has
been established [102], for the Multi User MIMO (MU-MIMO) scenario,
the capacity formula is not straightforward. Thus, some heuristic metrics
that could provide a qualitative indication of the performance of precoding
should be defined. As noted, precoding techniques achieve higher perfor-
mance in case of unitary channel matrices that consequently translate into
linearly independent channel signatures, i.e., the rows of the channel ma-
trix. Defining as metric the Frobenius-norm of HH∗, it would be possible
to highlight the dependency of the performance of the selected precoding
technique from the singularity of the matrix. The Frobenius-norm | | · | |F of
the square matrix AN is defined as the sum of the power two of the absolute
value of the elements of A.

| |A| |F =

√√√ N∑
j=1

N∑
j=1

|ai j |2 =
√

Trace (A∗A) (4.46)

Thus, the Frobenius-norm would be equal to the N in case of unitary ma-
trices, whereas it would be higher in case of non unitary matrices since the
elements over the diagonal of the matrix HH∗ will be one, while the off-
diagonal will be always positive non zero elements. The defined metric has
low complexity and depends only on the channel matrix.

In Figure 4.20, the spectral efficiencies achieved by selecting random
sets of users in the standard scenario and in the hot spot scenario, are com-
pared. The red and the blue points represent 1000 different sets of users
randomly selected from the respective beams and the zones of the hot spot
scenario, respectively. In order to fairly compare the two scenarios, a total
EIRP equal to 63.89 dBW for the FFR configuration in the 41 MHz scenario
is considered for both. The power constraint per channel per beam is con-
sidered as well. The analysis provides only a qualitative example on how
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the spectral efficiency is affected by the channel matrix since there is no sim-
ple relationship between the matrix and the spectral efficiency. However,
although the variability of the results for a given norm, the selected met-
ric on the Frobenius-norm still gives a trend on how precoding techniques
applied to the different scenarios perform.

FIGURE 4.20: Spectral efficiency versus Frobenius norm of the
channel matrix. Comparison between the standard application

of precoding and its application in hot spots scenarios.

The same analysis on the spectral efficiency is also performed with re-
spect to the additional metric κ(H∗PH + I)F . The metric is defined as

κ(H∗PH + I)F = | |H∗PH + I| |F | |
(
H∗PH + I

)−1
| |F (4.47)

The metric is based on the regularized version of the channel matrix that is
involved in the MMSE precoding matrix U calculation. Even if the selected
metric depends on the total available power and, thus, is dependent on
the scenario, it has a more precise relationship with the spectral efficiency.
In the analysis the same sets of users and parameters are selected in the
simulation.

FIGURE 4.21: Spectral efficiency versus κ(H∗PH + I)F .
Comparison between the standard application of precoding

and its application in hot spots scenarios.
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The results in 4.21 show similar trends as in the previous case. How-
ever, the proposed metric achieves less variability. The analysis confirms
that a proper set of users to be precoded together is fundamental in order
to achieve higher spectral efficiencies. For sake of completeness, the cumu-
lative density function of the condition numbers evaluated in the simula-
tion are plotted in Figure 4.22. With respect to the scenario, the cumulative
function gives an indication in terms of percentage of the matrices that can
achieve higher spectral efficiencies, i.e., the lower the condition number the
higher the spectral efficiency, when selected.

FIGURE 4.22: CDF of the condition number of the selected
metric in the standard application of precoding and its

application in hot spots scenarios.

4.5 Concluding Remarks

The chapter investigates techniques for an improved spectral efficiency ac-
cording to the different scenarios presented in chapter 2. The proposed
techniques are adapted and assessed to the scenarios aiming at improv-
ing system performance either in case of shared or exclusive spectrum. This
improved spectrum efficiency is enabled by the knowledge of the environ-
ment in the form of experienced SINR at the user side and Channel State
Information.

With particular focus on the cognitive-based SatCom scenarios 1 and 2,
two different carrier allocation schemes are investigated. Numerical results
are provided with respect to their application in scenario 2. First, a joint car-
rier and power allocation algorithm that aims at maximizing total system
capacity and providing a fair allocation of the resources with respect to dif-
ferent QoS requirements from the users, is proposed. Results show that the
algorithm outperforms a random assignment and in case of limited amount
of available power also performs slightly better than the application of the
only Hungarian algorithm, especially in case of a high number of users to
be scheduled. The QoS constraints are also ensured, confirming that the
algorithm can achieve a good fair allocation of the resources among all the
active users. A genetic inspired algorithm that schedules users according
their environment conditions and service demands, is also proposed. In this
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case, the operations needed to perform the algorithm are assigned among
the entities of the system. Awareness is therefore performed by the ETs,
which have direct knowledge of the spectrum activities of the FSs, whereas
the exploitation phase is in charge of the NCC, which has global knowledge
of the system status. The proposed technique aims at reducing the number
of information that the UTs have to feed back to the GW since most of them
are redundant and can avoided. Results show that the proposed algorithm
achieves good performance in terms of scheduled users and achieved rates
without the need of feed back complete information on the status of the
channels to the NCC.

The third scenario investigates higher spectrum efficiency configura-
tions in exclusive bands for L-band systems. A higher frequency reuse and
the application of interference mitigation techniques, e.g, linear precoding
techniques, are investigated in spectrum limited scenarios. With particular
interest in hot spots scenarios, the flexibility provided by the considered
system and the application of precoding techniques, allow higher perfor-
mance in terms of total capacity. A new framework from which flexible con-
figurations that outperforms the reference configuration, is included. Analysis
on selected users, and on the performance of precoding techniques with
respect the different scenarios, are included as well.
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Appendix A

State of the Art of
cognitive-based SatCom

In the appendix is briefly resumed the state of the art of Cognitive Radio
systems and its application in satellite scenarios. The topic of Cognitive
Radio in a satellite communications is a topic of recent interest. In the ap-
pendix, the references and their main outcomes, from which the studies
proposed in the thesis are based on, are included.

The different and specific characteristics of satellite systems have led the
concepts and the techniques developed for terrestrial systems to be com-
pletely revised. Several new scenarios and new challenges to be addressed
can be defined taking into account a cognitive satellite system. Challenges
as the definition of proper bandwidths to be exploited, or adapt and pro-
pose techniques suitable for satellite systems are still under investigation.
As an example, the low power level of the satellite signals even in Line of
Sight (LoS), affects the adaptation of cognitive techniques in a SatCom envi-
ronment, whose phases of the cognitive cycle need to be adapted properly.
In particular, knowledge of the scenarios in which the cognitive system op-
erates, is fundamental for this purpose.

One of the first papers that investigates application of cognitive radio
in satellite communication systems is [103]. A first classification for the
possible applications of cognitive satellite systems is provided. The pro-
posed application scenarios include a) secondary use of satellite spectrum
by a terrestrial system, b) secondary use of terrestrial spectrum by a satellite
system, and c) a hybrid scenario where terrestrial network coverage is ex-
panded by the use of satellite spots. Key challenges and enabling technolo-
gies for each scenario are discussed. Link budget analyses and assessments
on the operational limits for interference management in the mentioned sce-
narios show that CR techniques should be applied with caution in satellite
bands. However, potential to improve the spectrum efficiency is foreseen.
In [104] the three main paradigm of cognitive radios are presented and ad-
dressed in SatCom. The interweave paradigm allows the secondary (unli-
censed) users to occupy the portions of the spectrum left temporarily free
by the primary (licensed) users. According to the underlay paradigm, the
secondary transmitter overlaps in frequency with the primary user, after
making sure that the interference level it causes is below a given threshold.
The overlay paradigm uses the secondary user’s knowledge of the primary
users transmission scheme and of the channel to choose a transmission
scheme that causes an acceptable amount of interference. In [105] different
cognitive techniques such as underlay, overlay, interweave and database
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related techniques are discussed by reviewing the current state of art. Inter-
ference modelling between terrestrial Base Station (BS) and satellite termi-
nal is carried out on the basis of interference power level. Strong and weak
links can be defined. Primary links should be always strong and from the
level of interference that the secondary link generates against them, appli-
cable techniques can be identified. As an example, underlay techniques are
possible in case of weak secondary links, whereas interweave techniques
if the primary and secondary links are similar. Furthermore, suitable cog-
nitive techniques are proposed in high and low interference regions in the
context of satellite cognitive communication. In [106], the authors study
the main aspects of satellite cognitive communications and present possi-
ble practical scenarios for hybrid/dual cognitive satellite systems. Further-
more, suitable cognitive techniques for the considered scenarios are iden-
tified. Spectrum Sensing (SS), interference modelling, and beamforming
techniques are discussed for hybrid cognitive scenario and SS, interference
alignment, and cognitive beamhopping techniques are discussed for dual
satellite systems. The paper includes interesting open research issues on
the topic. The authors of [107] describe cognitive satellite terrestrial ra-
dios for hybrid satellite-terrestrial systems. The key issues are addressed
and the concepts of developing CR based satellite ground terminals in the
considered scenario are presented. The concept of tridimensional reuse of
the spectrum is introduced. The importance of the additional bandwidth
that could be exploited in case of shared spectrum scenarios, is addressed
in [9], where are demonstrated the advantages of applying cognitive radio
techniques in satellite communications (SatCom) in order to increase the
spectrum opportunities for future generations of satellite networks with-
out interfering with the operation of incumbent services.

With particular attention to the awareness techniques in SatCom sce-
narios, the sensing phase needs more reliable algorithms due to the lower
power levels, the longer distances of the links, and the wider bandwidths.
However, additional domains that enable spectrum holes to be exploited
as the third angular dimension, are unique for the SatCom case of study.
For the sensing phase the directivity of the antenna needs to be taken into
account. This aspect can be either beneficial or detrimental since a direc-
tive antenna would be less interfered by other systems and the interfer-
ence will be related to its direction of arrival. On the contrary, this also
reduces the sensing capability of the terminal. With respect to the direc-
tivity of the antenna, in [105], a study on the interference between satellite
and terrestrial links is carried out. Satellite uplinks in low elevation an-
gles are demonstrated to interfere more terrestrial systems. In addition,
satellite receivers at high latitudes are more interfered by terrestrial sys-
tems. Other sensing domains as polarization are investigated in [108, 109]
as well. However, the long propagation time that characterises satellite
communications also affects cognitive transmissions. Thus, sensing infor-
mation on the presence of other systems can become easily obsolete. To
counteract this issue, the cognitive systems can rely on database informa-
tion [tang2015 , 39, 40, 41]. Radio Enviroment Maps (REM) can be built
in order to have a priori or statistical information on spectrum activities
of other systems that will ease the operations during the sensing phase
and even allow the exploitation phase. The combined used of databases
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and spectrum sensing techniques can therefore provide both static and dy-
namic information on the spectrum and allow a more efficient use of it.
The authors in [43] address the problem of accurate analyse interference
from FS against satellite UTs. Real data bases and appropriate propaga-
tion models are used. Database statistics for several European Union (EU)
countries were also evaluated and the importance of using accurate terrain
profiles and accurate propagation models are discussed. The definition of
Exclusion Zone is presented in [46]. Cognitive zones around incumbent
users beyond which the cognitive terminals can utilize the same frequency
band are considered. The study on the feasibility of the coexistance be-
tween the two systems is included. In [110], the impact of the propagation
phenomena in a co-existence scenario of satellite uplink FSS and terrestrial
FS systems operating in Ka-band are investigated. Specifically, the authors
derive analytically the Signal-to-Interference Ratio (SIR) and the Signal-to-
Noise plus Interference Ratio (SNIR) statistical distributions considering an
accurate space-time dependent propagation channel model. Taking into
account the propagation phenomena, interference statistical distribution is
obtained for cognitive satellite communication systems operating above 10
GHz in [111]. The authors investigate a dual cognitive satellite systems, op-
erating at Ku-band and above scenarios. The Signal-to-Interference Ratio
statistical distribution under rainfall conditions and under the assumption
that the link under consideration is available is analytically obtained and
verified. The performance of both incumbent and cognitive users is exam-
ined. Spectrum Sensing (SS) techniques for a dual polarized fading channel
are considered in [108]. Performance of Energy Detection (ED) technique
is evaluated in the context of a co-existence scenario of a satellite and a
terrestrial link. Diversity combining techniques such as Equal Gain Com-
bining (EGC) and Selection Combining (SC) are considered to enhance the
SS efficiency. Furthermore, analytical expressions for probability of detec-
tion and probability of false alarm are presented for these techniques in the
considered fading channel and the sensing performance is studied through
analytical and simulation results. Moreover, the effect of Cross Polar Dis-
crimination on the sensing performance is presented and it is shown that
SS efficiency improves for low values of it. New techniques for spectrum
sensing (SS) in cognitive SatComs has been proposed in [109]. The analysis
of different combining techniques has been carried out for SS using dual
polarized antenna. Furthermore, polarization states of received signals are
exploited and based on obtained polarization states, Optimum Polariza-
tion Based Combining (OPBC) technique has been used for carrying out SS
in the satellite terminal. The sensing performance of OPBC technique has
been compared to Selection Combining (SC), Equal Gain Combining (EGC)
and Maximum Ratio Combining (MRC) techniques. The simulation results
show that OPBC technique achieves a great improvement in sensing effi-
ciency over other considered techniques at the expense of complexity in a
dual polarized AWGN channel.

The problem of resource allocation in the context of cognitive Satel-
lite Communications (SatCom) has also been addressed in several papers.
As an example, coexistence of geostationary FSS downlink and BSS feeder
links in the Ka-band from 17.3 to 18.1 GHz is investigated in [67]. The au-
thors investigate, assuming the availability of an accurate Radio Environ-
ment Map (REM), the application of carrier allocation and beamforming
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in the considered scenario. The additional spectrum allows an increased
system throughput and availability. In [66], cognitive downlink access for
geostationary FSS terminals in the band from 17.7 to 19.7 GHz, where FS
microwave links are considered as primary users, is investigated. Joint re-
ceiver beamforming techniques and carrier allocation is proposed at the
cognitive FSS terminal side. The problem addresses maximization of the
overall throughput. It is shown that, using non-exclusive bandwidths for
the FSS downlinks, improves the overall system throughput. In [112], the
authors consider overlaying a secondary-user signal over a satellite com-
munication channel occupied by a primary user. The objective is to find the
jointly optimal transmitter and receiver pair of a secondary system to mini-
mize the mean squared error (MSE) at the output of the secondary receiver,
subject to zero interference induced at the output samples of the primary
receiver. In [113], a mechanism combining Spectrum Sensing and Power
Control is proposed to allow a cognitive user to access the frequency band
of a Primary User (PU) operating based on an Adaptive Coding and Mod-
ulation (ACM) protocol. The suggested SS technique considers Higher Or-
der Statistical (HOS) features of the signal and an efficient machine learning
detector in order to constantly monitor the modulation scheme of the PU.
The proposed algorithm converges to the interference limit and guarantees
preservation of the PU link QoS. Considering cognitive satellite terrestrial
networks architecture, in [91], an efficient resource management mecha-
nism for the terrestrial network acting as secondary system is proposed.
Authors introduce a new power allocation algorithm that optimizes the ef-
fective capacity of the terrestrial link for given Quality of Service (QoS) re-
quirements while guaranteeing a specified outage probability for the satel-
lite link. Both perfect and imperfect channel estimation cases are consid-
ered in the power allocation scheme and analytical results are presented. A
dual satellite scenario is considered in [114]. For this scenario, Interference
Alignment (IA) is investigated for spectral coexistence of different wireless
systems in an underlay scenario and Frequency Packing (FP) for enhancing
spectrum efficiency. The effect of FP on the performance of multi-carrier
based IA technique are addressed. Different IA techniques have been con-
sidered. The effect of FP on the performance of different IA techniques
in the considered scenario is evaluated in terms of system sum rate and
primary rate protection ratio. The proposed framework achieves higher
sum rates according to the FP technique while the primary rate is perfectly
protected with the coordinated IA technique even with dense FP. Spectral
coexistence scenario of two multibeam satellites over a common coverage
area is studied in [115]. A primary satellite having larger beams than the
secondary satellite having smaller beams. Beamhopping is considered as
exploitation technique. A further scenario of the presence of multiple sec-
ondary users within an inactive primary beam is considered with power
control on the secondary transmission. The system performance is eval-
uated by considering partial and full frequency sharing approaches. It is
noted that the total spectral efficiency increases with the number of sec-
ondary users in the full frequency reuse approach.
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